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Abstract
Integrated optics platforms offer the possibility to implement compact photonic de-
vices for nonlinear optics applications. Modern nanofabrication facilities allow the
fabrication of sub-micron-sized waveguide geometries that confine light to reach very
high optical intensities. These intensities enable efficient nonlinear processes that
are further enhanced by using materials with high nonlinear Kerr coefficients. Ad-
ditionally, dispersion engineering by changing the waveguide dimensions allows for
broadband operation.
In this thesis, we explored silicon nitride as the core material of silica embedded
waveguides. Silicon nitride does not show nonlinear loss constraints, which makes
this material very suitable for high optical intensities. The material has a large trans-
parency window, from the ultraviolet to the short-wave infrared, and it is completely
compatible with CMOS fabrication standards. The potential of this platform for
diverse linear and nonlinear optics applications has been demonstrated before.
We studied two slightly distinct material platforms: stoichiometric silicon ni-
tride, Si3N4, and non-stoichiometric silicon nitride, SixNy. The accessible Si3N4
material platform consisted of thin low-confinement waveguides with low propaga-
tion loss of 0.06 dB/cm and a moderate nonlinear coefficient of 285 (W·km)−1. In
a 1 m long waveguide the nonlinear performance was studied experimentally. The
realized four-wave mixing (FWM) experiment showed a conversion efficiency of -
26.1 dB and ultrafast all optical signal processing was demonstrated by wavelength
conversion of high-speed data. The SixNy material was processed to realize thick
high-confinement waveguides that show propagation loss of around 1 dB/cm and a
nonlinear coefficient of 6100 (W·km)−1. The material specific nonlinear Kerr coeffi-
cient was 1.4·10−18 m2/W, which is five times higher than Si3N4. With this material
platform the fabrication of thick layers up to 700 nm in a single deposition step was
demonstrated, a procedure not possible in Si3N4. The thick layers enable broadband
dispersion engineering.
Keywords: four-wave mixing, integrated optics devices, nanostructure fabrication,
nonlinear optical signal processing, nonlinear optics, semiconductor materials, wave-
length conversion devices
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Abbreviations
ChGs chalcogenide glasses
CMOS complementary
metal-oxide-semiconductor
CVD chemical vapor deposition
CW continuous wave
DUV deep ultraviolet
ebeam electron-beam
EUV extreme ultraviolet
FCA free carrier absorption
FWM four-wave mixing
GVD group-velocity dispersion
HNLF highly nonlinear fiber
IC integrated circuit
IR infrared
LPCVD low-pressure chemical vapor
deposition
MBE molecular beam epitaxy
MEMS micro-electro-mechanical
systems
MOCVD metalorganic chemical vapor
deposition
MOSFET metal-oxide-semiconductor
field-effect transistor
NA numerical aperture
PECVD plasma-enhanced chemical
vapor deposition
RF radio frequency
RIE reactive-ion etching
SBS stimulated Brillouin scattering
SHG second-harmonic generation
SOA semiconductor optical amplifier
SOI silicon-on-insulator
SPM self-phase modulation
SSMF standard single-mode fiber
THG third-harmonic generation
TPA two-photon absorption
UV ultraviolet
VCSEL vertical-cavity surface-emitting
laser
XPM cross-phase modulation
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Chapter 1
Introduction
Our society displays a huge demand for high-speed internet. This demand is
satisfied by the technological achievements made in the field of optical commu-
nication. This field involves the transmission of digital information via light
over fibers of glass. Thereby, light is routed through a global network of op-
tical fibers in order to connect computers and data centers all over the world.
With the advent of fiber technology in 1966 [1], modern communication be-
came revolutionized leading to fiber links with outstanding data rates beyond
1 Tb/s.
The optical fiber is the general data transmission medium used in long distance
connections of metro and long-haul links between cities and continents, but
also in connections of shorter range, like in data centers or supercomputers.
Indeed, the fiber has progressively replaced most metal-based transmission
lines (e.g. copper) for distances down to 1 m [2]. Interestingly, it was already
predicted in 1984 [3] that the optical connection is the best solution to connect
silicon electronic components. The reason for this is that an optical connection
has about six orders of magnitude lower loss at high data speeds compared to
an electrical connection.
Data centers are huge facilities for data storage and data processing driven
by social media platforms or search engines. The large number of servers in
a data center are commonly linked by fiber-based optical interconnects [2].
There are two current methods to realize an optical interconnect, utilizing
vertical-cavity surface-emitting lasers (VCSELs) or silicon photonics. Before
introducing these two technologies, the invention of the laser in 1960 [4] should
be acknowledged which is the fundamental key component that enables optical
communication. The VCSEL, based on III-V materials, is a laser source that
offers high-speed direct on-off switching to modulate binary optical data [5, 6].
1
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Companies like TE connectivity utilize the VCSEL technology in their opti-
cal interconnects to reach data rates of 25.75 Gb/s [7]. The silicon photonics
approach on the other hand utilizes an external laser in combination with a
silicon based modulator integrated on a microchip. Recently Luxtera has pre-
sented their 4·10 Gb/s transceiver based on silicon photonics technology [8].
The major requirements for the platforms used in data centers are low-cost
fabrication, low-power consumption, high reliability and simple scalability to
higher data rates. In [9] both platforms, VCSEL and silicon photonics, are
compared regarding the technological and economic performance. The pre-
diction foresees that silicon photonics is favored for longer connections with
single-mode fibers and VCSELs continue its domination for data centers due
to economical benefits.
In the context of this thesis, it is meaningful to present the field of silicon
photonics in more detail. Silicon photonics is the integration of optical de-
vices on a silicon microchip. For the integration of optical devices the same
nanofabrication facilities are utilized as for the high volume integration of sili-
con microelectronics. Silicon microelectronics, more precisely the complemen-
tary metal-oxide-semiconductor (CMOS) transistor logic, is the central key
figure leading to the information revolution in the last 50 years. Especially
noticeable is massive size reduction and performance increase of electronic de-
vices. With the integration of the first optical waveguide in silicon in 1986
[10], it was proven that the fabrication environment for silicon electronics can
also be utilized to manufacture optical devices. In 1996 a rib waveguide was
presented using the silicon-on-insulator (SOI) platform with low losses of 0.1
dB/cm showing the potential of light guiding on chip [11]. This shows that
within silicon photonics even optical interconnects between processor cores at
the microchip level is possible [2]. Unfortunately, silicon has no efficient light
emission so by now only hybrid solutions are available where III-V lasers are
bonded on the silicon photonics chip [12].
Nevertheless, thanks to the compatibility with CMOS fabrication facilities,
tailored for high-volume low-cost processing, the fabrication of silicon pho-
tonic circuits in the same process line offers many advantages. Additionally it
offers the opportunity to bring together optics and electronics on the same mi-
crochip. One interesting change in recent years is the offered access to silicon
photonic systems for researchers without fabrication facilities in the context
of a multi-project wafer runs [13]. Here production costs are shared by com-
bining designs on the same wafer that is manufactured in large quantities for
all users. With multi-project wafer runs the fabless access to silicon photonics
components becomes affordable [13].
By utilizing external fabless fabrication or in-house fabrication, crystalline sil-
icon has become a common material of choice for integrated optics. Over the
past years the research output in the field of silicon photonics for linear optical
2
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applications has increased. Howerver, it turns out that silicon is also a very
promising material for nonlinear optics applications [14]. A high refractive
index and huge nonlinearities are the major advantages of this material for
nonlinear integrated optics. The small core dimensions achievable with mod-
ern fabrication in combination with high index contrast to silica as a cladding
material lead to remarkably high optical confinement, with huge intensities
that enable efficient nonlinear processes. The nonlinear optical effects can be
utilized for applications like signal regeneration [15], broadband wavelength
conversion [16] or supercontinuum generation [17]. However, nonlinear loss
contributions that occur for wavelengths in telecommunication bands limit
the performance of this material platform [18, 19].
A material platform that overcomes these challenges and does not show non-
linear losses at telecommunication wavelengths because of its large optical
bandgap is silicon nitride [20]. Silicon nitride is also a CMOS-compatible ma-
terial [21] and offers the same potential for mass production. Similar to silicon,
silicon nitride is accessible for the broader research community through multi-
project wafer runs. In its stoichiometric composition, Si3N4, waveguides with
extraordinary low-loss performance down to 0.001 dB/cm have been demon-
strated [22]. It has a fairly high nonlinear Kerr coefficient [23]. Impressive
demonstrations in nonlinear optics include octave spanning comb generation
[24] and ultra-broad supercontinuum generation [25]. However, fabrication
challenges to achieve thick waveguides constrains the important capabilities
for dispersion engineering as thick films show cracks due to high tensile stress
[26].
With the increase of the silicon content in the silicon nitride film, the material
becomes non-stoichiometric silicon nitride SixNy and the tensile stress can be
relaxed, offering the opportunity to achieve thick layers [27]. In this thesis
the focus is directed on the investigation of thin stoichiometric silicon nitride
waveguides and crack-free thick non-stoichiometric silicon nitride waveguides
for the field of nonlinear integrated optics.
1.1 This thesis
In this thesis we present two silicon nitride based waveguide platforms. In
Paper A we present low-loss low-confinement waveguides fabricated from sto-
ichiometric silicon nitride. Here we show that the nonlinear performance in
Si3N4 waveguides is similar compared to silicon waveguides without free-carrier
removal. As the dispersion engineering capabilities are limited in the thin low-
confinement waveguides cores, thick films are favorable. The limitations to
deposit thick stoichiometric silicon nitride is the motivation of this thesis to
explore low-stress non-stoichiometric silicon nitride. In Paper B we demon-
strate that silicon-rich nitride can be used to fabricate thick crack-free films
3
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up to 700 nm but with the downside of increased waveguide losses.
Thesis outline
In chapter 2 the effects of nonlinear optics are explained with a focus on χ3-
based Kerr nonlinearities like four-wave mixing (FWM). Chapter 3 covers the
basics about waveguide theory including information about mode properties,
loss and coupling mechanisms of waveguides. In chapter 4 common material
platforms for integrated nonlinear optics are introduced. The platforms are
compared in terms of linear and nonlinear performance and benchmarked with
the highly-nonlinear fiber (HNLF) technology. Chapter 5 includes the presen-
tation of CMOS-compatible fabrication techniques that are used to manufac-
ture optical waveguides. In Chapter 6 possible future projects are discussed.
4
Chapter 2
Nonlinear Kerr optics
For high optical intensities the interaction of light and matter becomes nonlin-
ear, meaning that the optical radiation after propagation through a medium
is not a linear superposition of the radiation before the medium. Especially
when working with integrated optics, a very high confinement of light can be
achieved leading to very high intensities. The resulting nonlinear effects can
be utilized for useful applications. In this chapter the fundamental physical
principles for nonlinear interaction of light and matter are explained with a
focus on nonlinear Kerr optics, the dominant nonlinear effect in materials used
for integrated optics.
2.1 Nonlinear polarization and refraction
The propagation of electromagnetic radiation is described by Maxwell’s equa-
tions. In a transparent medium with no free charges Maxwell’s equations
become
∇×E = −∂B
∂t
(2.1)
∇×H = ∂D
∂t
(2.2)
∇ ·D = 0 (2.3)
∇ ·B = 0, (2.4)
5
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where E and H are the electric and magnetic field vectors, and D and B are
the electric and magnetic flux densities [28]. The interaction of light with the
medium is described by the electric displacement of charges D given by
D = 0E + P, (2.5)
where 0 is the vacuum permittivity and P is the induced polarization of the
medium. The polarization of the material describes the reorientation and
relocation of charges and dipoles in response to a present electric field. As the
light has vector nature, the susceptibility terms are tensors and the material
response depends on its orientation and isotropy. To provide a simple physical
insight, a scalar mathematical description is chosen from here on.
For a low electric-field strength in an isotropic medium, the polarization follows
a linear dependence
Plin = 0χE, (2.6)
where 0 is the vacuum permittivity and the susceptibility χ is the proportion-
ality factor. The susceptibility χ is related to the relative electrical permittivity
of the medium  by χ = − 1. The refractive index n0 of the material is con-
nected to the electrical permeability by n0 =
√

0µ0
, with µ0 as the vacuum
permeability.
For intense electrical fields a saturation of the polarization takes place and
the polarization response of the material becomes nonlinear. The nonlinear
polarization behavior at high intensities has its origin in the nonlinearity of
the motion of molecular bound electrons in the material. The description of
the polarization including nonlinear behavior is described by a pertubative
approach [28]
P = Plin + Pnl = 0χE + 0χ
(2)E2 + 0χ
(3)E3 + . . . . (2.7)
Here χ(2) and χ(3) are the second and third-order susceptibility leading to the
second and third-order nonlinear polarization terms. As the higher-order sus-
ceptibility terms are in general several orders of magnitude smaller than the
linear susceptibility, they only become effective at high intensities. Different
susceptibility terms contribute to particular optical effects and have influence
on the interaction of radiation with matter. For example, the linear suscepti-
bility χ is included in the refractive index n0 of the material and accounts for
the change of optical phase. In the case of a complex electrical permittivity
 of the medium, optical attenuation is accounted for by its imaginary part.
The second-order susceptibility χ(2) leads to effects like second-harmonic gen-
eration, sum-frequency generation or the linear electro-optic effect (Pockels’
effect). The third-order susceptibility χ(3) results in third-harmonic genera-
tion or the quadratic electro-optic effect (Kerr effect) [29].
6
2.1. NONLINEAR POLARIZATION AND REFRACTION
The Kerr effect is of large interest in this thesis. It is common to describe the
strength of this effect with the nonlinear Kerr coefficient n2 that is related to
the third-order susceptibility by n2 = 34
χ(3)
c20
[30]. The effect leads to nonlinear
refraction, where the refractive index of a material changes in the presence of
light with high intensities. This intensity dependence of the refractive index
is accounted for in [28]
n(ω, |E|2) = n0(ω) + n2 |E|2 , (2.8)
where E is the electric field amplitude of a single frequency component. The
frequency dependence of the linear refractive index expresses the dispersion of
the material. As the phase shift of a wave is dependent on the refractive index,
both the linear and the nonlinear part contribute to the total phase shift of a
wave in a medium1.
The nonlinear polarization of a material can give rise to generation of light
at frequencies different from the one of the excitation field. Nonlinear polar-
ization takes place in various materials of liquid, gaseous or solid state where
solids may have amorphous or crystalline composition. It is important to
mention that materials with molecular inversion symmetry do not posses even
order susceptibility terms. This means that in materials like silicon or sili-
con dioxide the lowest nonlinear susceptibility term is χ(3). The polarization
response of the medium excited with a monochromatic electrical field is illus-
trated in Fig. 2.1. Here an excitation field of E(t) = E0cos(ω1t) was used
for convenience. For low intensity fields the polarization P follows the present
field linearly without showing nonlinear behavior as shown in Fig. 2.1.a. The
frequency of the output field only contains the component at ω1 in relation
to the excitation field. Increased intensities trigger the nonlinear response of
the material polarization accounting for higher-order polarization terms. For
a χ(2)-material the second-order polarization produces nonlinear distortion of
the polarization. As shown in Fig. 2.1.b, the induced polarization does not
follow the excitation field. This results in a new frequency component at 2ω1
resulting from the squared field component in Eq. 2.7. Similar is the process
in χ(3)-materials where a third-harmonic is produced at 3ω1 driven by the
third-order susceptibility illustrated in Fig. 2.1.c [31].
1In terms of nonlinear phase shift one distinguishes between self-phase modulation (SPM)
and cross-phase modulation (XPM). SPM is when the nonlinear phase shift of a wave is self-
induced by its intensity. XPM is the nonlinear phase shift induced by the intensity of light
at other frequencies or polarization.
7
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2.2 Four-wave mixing
In χ(3)-materials the polarization is given by
P = 0χE + 0χ
(3)E3, (2.9)
where the third-order polarization term is included. This term involves the
nonlinear interaction of four waves and leads to the phenomenon of FWM.
This Kerr effect based phenomenon results from the radiation induced modu-
lation of the refractive index as shown in Eq. 2.8 and causes the generation of
light at new frequencies. In this context the medium is mediating the nonlin-
ω1 ωtt
E P
ωω1 3ω1tt
E P
χ3-medium
ωω12ω1tt
E P χ2-medium
a)
b)
c)
Figure 2.1: Illustration of material polarization P and frequency generation in
dependence of the input field amplitude E and material susceptibility χ. a)
Linear polarization of material. b) Nonlinear material polarization based on
χ(2) susceptibility. Second-harmonic frequency generation at 2ω1. c) Nonlinear
material polarization based on χ(3) susceptibility. Third-harmonic frequency
generation at 3ω1.
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a) c)b)
ωω1 ω3ω2ω1 ω3ω2 ω
ω1
ω2 ω3
ω4
ω4= ω1+ ω2- ω3
ωω1 ω3ω2ω4
Figure 2.2: a) Illustration of spectrum with three waves at frequencies ω1, ω2
and ω3. b) Illustration of frequency generation in the four-wave mixing process.
c) Illustration of energy-conservation in the four-wave mixing process.
ear interaction among optical waves through elastic scattering of the material
bound electrons where in principle no energy is absorbed by the medium. This
means that the photon energy is conserved in this parametric process.
In order to exemplify the four-wave mixing process and the resulting gener-
ation of new frequency components, we consider the input to a χ(3)-material
as a superposition of three monochromatic waves at different frequencies as
shown in Fig. 2.2.a. The mixing term of the input waves is given by E(t) =
E1cos(ω1t) +E2cos(ω2t) +E3cos(ω3t) that is inserted into Eq. 2.9. The triple
product of E results in multiple new frequency components at the output. All
possible new frequencies at the output of the medium are combinations of the
input frequencies given by
(ω1 + ω2 − ω3), (ω1 + ω3 − ω2), (ω2 + ω3 − ω1),
(2ω1 ± ω2), (2ω1 ± ω3),
(2ω2 ± ω1), (2ω2 ± ω3),
(2ω3 ± ω1), (2ω3 ± ω1),
3ω1, 3ω2, 3ω3, (ω1 + ω2 + ω3).
The frequency components that are generated in the FWM process are illus-
trated in Fig. 2.2.b (components around the third-order harmonics are not
included in the figure). The efficiency of each of the above wave interactions
depends on the phase-matching condition which will be explained in section
2.4. During the FWM process the photon energy of the four-waves interacting
is conserved. To illustrate this, we focus on the generated frequency compo-
nent at ω4 = ω1 + ω2 − ω3 as shown Fig. 2.2.c. Given the photon energy of
Ephoton = ~ω, with ~ as the reduced Planck constant, the energy is conserved
if energy is transferred from two photons at frequencies ω1 and ω2 to photons
at the frequencies ω3 and ω4 satisfying ω1 + ω2 = ω3 + ω4.
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ωPωS ωI ωωPωS ω
z
χ(3)-medium
Figure 2.3: Illustration of the pump-degenerate FWM process. The propaga-
tion direction of the waves is indicated by z.
2.3 Wavelength conversion
Let us consider a common case in nonlinear optics in which the input to a
χ(3)-material consists of a strong wave at ωP , called the pump, and a weak
one at ωS called the signal. As the waves propagate through the medium the
signal wave may be amplified and a wave at ωI , called the idler, is generated,
as illustrated in Fig. 2.3. This scenario is referred to as pump-degenerate
FWM. The FWM process here is similar to the example given before where
the generated new frequency at ω4 satisfies the relation ω4 = ω1 + ω2 − ω3.
In the pump-degenerate process both donated photons (ω1 and ω2) are at
the same wavelength, in particular ω1 = ω2 = ωP , and the signal wave is at
ω3 = ωS . This means that the energy conservation in the pump-degenerate
FWM process is given by [28]
ωI = 2ωP − ωS (2.10)
considering ω4 = ωI . The interaction between the pump, signal and idler waves
as propagating along the z-direction is described via three coupled differential
equations given by [28]
dEp
dz
= iγ
{[
|Ep|2 + 2
(
|Es|2 + |Ei|2
)]
Ep + 2EsEiE
∗
p exp (i∆βz)
}
, (2.11)
dEs
dz
= iγ
{[
|Es|2 + 2
(
|Ep|2 + |Ei|2
)]
Es + E
∗
i E
2
p exp (−i∆βz)
}
, (2.12)
dEi
dz
= iγ
{[
|Ei|2 + 2
(
|Ep|2 + |Es|2
)]
Ei + E
∗
sE
2
p exp (−i∆βz)
}
. (2.13)
The coupling between the waves is linked by the nonlinear parameter γ and the
mismatch of the propagation constant between the waves ∆β. It is assumed
10
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that the waves have the same optical polarization and optical field overlap.
The nonlinear parameter γ includes the nonlinear effects in χ(3)-materials and
the field confinement, which is explained in more detail in section 3.5. The
mismatch of the propagation constant for pump, signal and idler wave is given
by ∆β = 2βP − βS − βI where the propagation constants of pump, signal and
idler are given by βP , βS and βI . The propagation constant β gives information
about the velocity of a wave (more detail in section 3.3).
2.4 Phase-matching condition
For efficient energy transfer between the waves in the FWM process, the
conservation of momentum is required. This means that the efficiency with
which power is transferred depends on the relative phase among the interacting
waves. This is described within the nonlinear phase-matching condition
κ ≡ ∆β + 2γPp = 0, (2.14)
where the linear part ∆β comes from the mismatch of the propagation con-
stant between the waves and the nonlinear part 2γPp accounts for the nonlinear
phase shift. This equation is valid under the assumption that no pump de-
pletion takes place and the pump power is much larger than the signal and
idler power so that the main contribution to the nonlinear phase shift comes
from the pump. The factor of two accounts for the pump-degenerate FWM
as both annihilated pump photons are located at the same frequency. In the
coupled differential equations 2.11-2.13 the nonlinear and linear phase shifts
are included in the first and second terms in the parenthesis [28]. In order
to compensate for the positive nonlinear phase shift, the linear phase shift
has to be negative, which requires in general anomalous dispersion of the
medium (dispersion is described in more details in section 3.3.2). To achieve
phase-matching the relation between power levels, propagation constants and
frequencies is essential.
The efficiency of energy transfer between pump, signal and idler when the
frequency separation between pump and signal is increased depends on the
dispersion properties of the χ(3)-medium. This behavior can be summarized
with the conversion bandwidth ΩFWM. The conversion bandwidth is defined
as the signal-pump frequency separation at which the signal gain decreases by
around 3-dB and is given by [16]
ΩFWM ≈
[
4pi
β2z
] 1
2
, (2.15)
where β2 is the group-velocity dispersion (GVD).
With either low GVD or short interaction length z, the conversion bandwidth
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can be increased. One huge advantage of integrated optical systems is the
potential for strong light confinement that results in very good feasibility to
tailor the dispersion properties. In combination with the short length of these
systems, it is possible to achieve a very large conversion bandwidth. To give an
example, by dispersion engineering of the waveguide, broadband wavelength
conversion over ∼200 nm has been shown in an integrated silicon waveguide
[16].
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Waveguide theory
Integrated optical systems offer the opportunity to tailor the dispersion and
achieve high confinement in small structures, therefore achieving high optical
intensities at moderate power levels. These are ideal conditions for realizing
nonlinear optics with high efficiency and over broad bandwidth. In this chapter
wave guiding structures and their basic physical properties are introduced.
3.1 Confined-wave propagation
The propagation of an optical beam in free space or bulk media is accom-
panied by the phenomenon of diffraction. This phenomenon describes the
spatial broadening of optical radiation upon propagation. In order to avoid
the divergence associated to this effect and guide light in a confined manner
over distance, waveguiding structures are designed and manufactured. Waveg-
uides are composed of mainly two distinct regions, a core medium enclosed
by a cladding. The two areas are distinguished by a refractive index differ-
ence where the core displays a higher refractive index than the surrounding
cladding. Crucial for wave guiding is the behavior of light at the interface of
the two regions. The confinement upon propagation can be understood from
a ray-optics picture, where the energy of the wave confined in the core expe-
riences total internal reflection at the interface with the cladding [32]. The
propagation of light in a waveguide is described by the wave equation
∇2E− 1
c2
∂2E
∂t2
= −µ0 ∂
2PL
∂t2
− µ0 ∂
2PNL
∂t2
. (3.1)
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The wave equation is derived from Maxwell’s equations. The electric field and
the material polarization are given by E and P, the speed of light in vacuum
is c and the vacuum permeability is µ0. The Nabla-operator ∇ represents the
differential operation ( ∂∂x ,
∂
∂y ,
∂
∂z ) for the spatial directions x, y and z.
3.2 Waveguide designs
The light guiding by total internal reflection requires a refractive index differ-
ence between the core and cladding materials. In order to achieve this index
contrast, the proper materials have to be chosen. Several different platforms
provide the required refractive index features, and various different waveguide
designs have been developed that offer confined light propagation. One impor-
tant design, essential for the success of optical communication, is the optical
fiber where core and cladding are circular rods presented in Fig. 3.1.a. In the
figure, z indicates the propagation direction of the optical wave. The material
of choice for typical optical fibers is fused silica with slightly different compo-
Planar waveguide
Strip waveguide Rib waveguide
Optical ber
a) b)
c) d)
core
cladding
x
y
z
Figure 3.1: Schematics of basic waveguiding geometries. a) Optical fiber. b)
Planar waveguide. c) Strip waveguide. d) Rib waveguide.
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sition of core and cladding. The refractive index difference is only around 0.01
and a common core diameter of a standard single-mode fiber (SSMF) used for
telecommunication is around 10 µm.
It is important to distinguish the fiber design from designs suitable for inte-
gration in micro- and nanoprocessing facilities. As fibers are drawn from a
seed with proper core-cladding composition, the cylindrical design form is fa-
vorable. In contrast to this, integrated waveguide designs are based on planar
layer deposition and structuring. Suitable basic designs for the integration are
presented in the following. A fundamental waveguide that is the base for ele-
mentary calculations of the electromagnetic field in the structure is the planar
waveguide shown Fig. 3.1.b. This is the simplest design for integrated waveg-
uides as it consists of three unprocessed stacked layers. The index difference
between core and cladding allows light confinement in the vertical direction,
but confinement in the horizontal direction can not be achieved in this design.
To confine the light in the transverse and lateral direction, the core medium
has to be surrounded by cladding material in both x- and y-direction. The strip
waveguide design illustrated in Fig. 3.1.c enables this. Width and height of
the waveguide can be varied in the manufacturing process. For this design one
etching step is required in order to pattern the core in the horizontal direction.
With the strip waveguides it is possible to achieve waveguide bends allowing
the routing of light on chip and the design of more advanced photonic systems.
Another popular waveguide design for confinement in x- and y-direction is the
rib waveguide shown in Fig. 3.1.d. In comparison to the strip waveguide this
design requires two etching steps. This design is used for modulators where
the material of the waveguide’s sides is changed to apply an electrical field in
order to modulate the light in the waveguide with an electro-optic effect. The
waveguide designs of both Paper A and Paper B are strip waveguides.
3.3 Mode properties
3.3.1 Mode field
As light propagates in a waveguide, only specific transverse field distributions
of the electromagnetic field can be propagated. These field distributions are
termed the modes of the waveguide. Information about the modes is achieved
by solving the wave equations (Eq. 3.1) for the concrete combination of waveg-
uide design and material distribution. Only a few structures, such as the
cylindrical geometry and the slab waveguide allow for an analytical treatment.
Otherwise, this equation needs to be solved numerically given the boundary
conditions and specific material information. Depending on the optical wave-
length, the waveguide dimensions and the used materials, the number of modes
in the waveguide varies. If only the fundamental mode propagates, the waveg-
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uide is called single mode. In order to simplify matters, a solution of the wave
equation is approximated with a uniform plane wave propagating in z direction
as given by
E(x, y, z) = E(x, y)exp(iβz). (3.2)
Here E(x, y) represents the spatial field distribution transverse to the propa-
gation direction and β indicates the propagation constant of the mode. Both
parameters are characteristic for the mode and describe the propagation of the
electromagnetic field completely. For simplification, only the time-independent
factor of the electrical field, the complex amplitude E(x, y, z), is shown by uti-
lizing the slowly varying envelope approximation.
How well the optical field is confined inside the core area is described by the
effective area parameter [28]
Aeff =
(
∞∫
−∞
∞∫
−∞
|E(x, y)|2 dxdy
)2
(
∞∫
−∞
∞∫
−∞
|E(x, y)|4 dxdy
) . (3.3)
As can be seen in the equation, the field distribution E(x, y) is important to
calculate the effective area. The modal field distribution is dictated by the
waveguide design and the index contrast between the core and the cladding.
In general, higher-order modes and longer wavelengths result in larger effective
areas. As a comparison, a typical SSMF has an effective area of around 100
µm2, whereas in a silicon strip waveguide an effective area of 0.054 µm2 has
been presented with an air cover to increase the core-cladding index contrast
[33]. For high-density integrated photonics with waveguides of short bending
radii (≤ 10µm) a high optical confinement is essential.
3.3.2 Dispersion
The propagation of light in bulk media is affected by the refractive index n0
of the medium. The dependence of the refractive index on the wavelength is
well known as chromatic dispersion of the material. From an integrated optics
point of view it is interesting to mention that the optical phase shift of light
in waveguides can be different from the one occurring in bulk media. This is
accounted for by introducing the effective index neff as
neff =
β
k0
, (3.4)
where k0 = 2piλ0 is the wavenumber with λ0 as the wavelength in vacuum.
Different modes and modes at different polarization have a different effective
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index neff . The effective index accounts for the influence of core and cladding
materials and the waveguide design. The effective index of a guided mode has
a value in between the refractive index of the cladding ncl and the core ncl
materials given by ncl ≤ neff ≤ nco. As neff is wavelength dependent, the
material dispersion is supplemented by a waveguide contribution to the total
dispersion. More detailed information about the wavelength dependent phase
shift in the waveguide is revealed when writing β as a Taylor expansion around
a center frequency ω0 given by [28]
β(ω) = β0 + β1(ω − ω0) + 1
2
β2(ω − ω0)2 + . . . . (3.5)
The individual βm account for different contributions to the propagation con-
stant and are calculated by
βm =
(
dmβ
dωm
)
ω=ω0
. (3.6)
The parameter β0 is connected to the phase velocity of a monochromatic
wave by vp = ω0β0 . The group velocity of a pulse envelope is related to β1
by vg = 1/β1. Information about how a pulse is affected by temporal broad-
ening during propagation is connected to the amount and sign of the group-
velocity dispersion (GVD) β2. The broadening comes from the different prop-
agation speeds of the individual frequency components forming a pulse. One
distinguishes between normal dispersion with a positive GVD (β2 > 0) and
anomalous dispersion with a negative GVD (β2 < 0). In the anomalous disper-
sion regime the higher frequency (blue-shifted) components propagate faster
than the lower frequency (red-shifted) components of an optical pulse and vice
versa. The value of the GVD is important for phase-matching in nonlinear
optics (as explained in sec. 2.4). It is highly relevant to re-emphasize that for
high confinement waveguides the GVD depends on the waveguide parameters,
and the dispersion can be tailored e.g. by changing the dimensions of the
waveguide. In Paper B simulations were presented, that show the dependence
of the waveguide dimensions of a strip waveguide on the GVD. It is common to
describe the GVD with the dispersion parameter D where the group velocity
is in relation to the wavelength given by
D =
dβ1
dλ
= −2pic
λ2
β2 (3.7)
and typically expressed in [ps/(nm·km)].
3.3.3 Polarization
The electromagnetic wave description assigns a direction of oscillation to the
electric and magnetic field component as it propagates in time and space. In
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isotropic media the propagation behavior, more precisely the refractive index
the wave experiences, is independent on the electromagnetic field oscillation.
However, in anisotropic media the refractive index is dependent on the orien-
tation of the electric field, leading to effects like polarization-mode dispersion.
It is common to define the electric field as the superposition of two polarization
states, the TE and the TM polarization modes. For the TE polarization the
electrical field component in propagation direction is zero and for TM polar-
ization the magnetic field component in propagation direction is zero [34].
Although the materials forming a waveguide are mostly isotropic, the waveg-
uide itself can however show anisotropic optical properties. This can be the
case in rectangular waveguides. As the field components in propagation di-
rection are only close to zero, one talks about hybrid modes, in particular
quasi-TE and quasi-TM modes. In addition, for structures with a small re-
fractive index difference between core and cladding, the two polarization states
(quasi-TE and quasi-TM) have dominant electrical field components either in
horizontal x-direction or vertical y-direction labeled by Expq and Eypq, where
p relates to the mode-order in x-direction and q relates to the mode-order
in y-direction. In order to exemplify the difference of the effective index in
dependence of the mode-order and polarization, the modes that are present
in an integrated strip waveguide with typical dimension of 1000 nm in width
and 500 nm in height are compared in Fig. 3.2. A mode-solver was used to
calculate the modes. The simulations were carried out using COMSOL Multi-
physics where Maxwell’s equations are solved using the finite element method.
The waveguide, here silicon nitride as the core material and silicon dioxide as
the cladding material, has two guided modes for both states of polarization
at 1550 nm wavelength. The figure shows the power distribution in propaga-
tion direction and it can be seen that the effective index changes with state of
polarization and mode-order. In applications, the birefringent dependence of
the waveguide design has been utilized to build integrated photonic systems
like polarization rotators and polarization splitter [35, 36], as well as polarizers
[37]. Even polarization independent designs have been demonstrated [38].
3.4 Loss mechanisms
3.4.1 Propagation loss
The propagation loss in integrated optical waveguides has three fundamental
linear contributions which are material absorption, scattering loss and radia-
tion loss [39]. All loss contributions are summarized in the loss parameter α
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Figure 3.2: Mode-solver simulations of the power distribution in propagation
direction z for a strip waveguide with dimensions of 1000 nm in width and 500
nm in height. The core and cladding materials are silicon nitride and silicon
dioxide. a) Fundamental quasi TE-mode (Ex00). b) Second-order quasi TE-
mode (Ex10). c) Fundamental quasi TM-mode (E
y
00). d) Second-order quasi
TM-mode (Ey10).
that leads to an exponential power decay along propagation distance z accord-
ing to
P = P0exp(−αz), (3.8)
where P0 is the initial power before propagation. In nonlinear optics, the
propagation loss plays a significant role. In calculations of nonlinear processes
the total physical length of the waveguide L is commonly replaced by the
effective length Leff given by
Leff ≡ 1− exp(−αlinL)
αlin
, (3.9)
where α is the linear attenuation coefficient1. The effective length represents
the waveguide length before the power attenuation becomes significant.
1The conversion from attenuation in dB/m to linear attenuation is given by the relation
α = 4.343 · αlin.
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The origin of material absorption lies in the interaction of optical waves with
the medium during propagation. This interaction leads to energy transfer
from the wave to the material that can be elastic or inelastic. In the case of
an inelastic process, the energy of the wave is not conserved but transferred
to the medium. This effect causes propagation loss by material absorption.
The absorption loss is characterized by its frequency dependence as different
frequencies interact in diverse manners with the charges and bonds present in
matter resulting in material specific transparency windows. Impurities in the
material can lead to additional absorption. A known example for a molecular-
bond-related absorption wavelength is the oxygen-hydrogen bond (O-H) whose
oscillation behavior absorbs light around telecom wavelengths.
Another contribution to the propagation loss is the scattering loss that occurs
at the interfaces between core medium and cladding medium. The surface
roughness of the core surfaces due to fabrication imperfections in the deposi-
tion and etching processes leads to scattering of light. The amount of scattering
loss is related to the mean value of the roughness at the surface and its statis-
tical variance [40]. The confinement of light and thus the interaction with the
sidewall changes with core-cladding index contrast, mode order, wavelength
and polarization. Waveguides with very thin sidewalls of only 40-50 nm lead
to record low propagation loss [22]. A similar core thickness has been used
in the work of Paper A. In Paper B the roughness of the waveguide sidewalls
and top surface has been analyzed in order to characterize the scattering loss.
Another origin of scattering loss are imperfections in the core material, but
this effect is rather small compared to surface scattering loss.
The third contribution to propagation loss, the radiation loss, becomes relevant
when waveguides are bent. In a curved waveguide the optical field is distorted
in comparison to a straight waveguide which can lead to radiation of optical
energy into radiating modes. The radiation loss becomes larger for shorter
bending radii and waveguides with lower light confinement [41]. Therefore, in
integrated optical systems the minimum achievable bending radius is mainly
limited by radiation loss rather than by processing tolerances [39].
3.4.2 Nonlinear loss
In the field of nonlinear optics when working with highly confined optical fields
at high power levels, nonlinear loss contributions become relevant in certain
materials. In the presence of nonlinear loss, the total loss coefficient changes
to
α˜ = αL + αNL(|E|2), (3.10)
where αL describes the linear contribution to the loss and αNL accounts for
nonlinear loss. Examples of nonlinear loss is interband absorption like two-
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photon absorption (TPA) that occurs in materials for integrated optics like
silicon or chalcogenide glasses (ChGs) at telecommunication wavelengths [18,
42]. During the TPA process the energy of two photons is absorbed in order
to bridge the band-gap energy and excite electrons from the valence band to
the conduction band. This nonlinear loss has intensity dependence according
to
αNL(TPA) = α2 |E|2 , (3.11)
where α2 is the TPA absorption coefficient. The free carriers generated by
TPA give rise to another nonlinear loss mechanism, the free carrier absorp-
tion (FCA). In this process photon energy is transferred to free carriers in
the conduction band or holes in the valence band. The emerging nonlinear
loss is proportional to the free carrier concentration [39]. A possible way to
counteract the FCA is the removal of free carriers from the waveguide region,
this has been shown in devices based on a reverse biased p-i-n structure in rib
waveguides [43].
3.4.3 Coupling loss
The coupling of light from an optical fiber to an integrated waveguide is com-
monly done by the direct focusing (end-fire) approach or by grating couplers.
In the end-fire coupling approach light is focused directly from the fiber to
the bare integrated waveguide. The coupling efficiency is dependent on the
overlap integral of the field of the incident beam and the mode field of the
waveguide and is calculated by [39]
ηm =
(∫
A(x)B∗m(x)dx
)2∫
A(x)A∗(x)dx
∫
Bm(x)B∗m(x)dx
. (3.12)
To simplify the equation only the transverse direction is considered where A(x)
and Bm(x) are the field distributions of the incident beam and the m-th mode
of the waveguide. The equation shows that improved coupling is achieved for
matching the two mode field A(x) and Bm(x).
Spot size converters at the end of the waveguides are commonly used to tailor
the mode field in the integrated system to match the one of the incident beam
in order to increase coupling efficiency. In [44] a coupling loss of 0.2 dB per
facet has been demonstrated using a spot size converter.
Grating couplers are periodic grating structures that allow coupling of light
from an oblique angle to the direction of the waveguide [45]. The advantage of
grating couplers in comparison to end-fire coupling is that cleaving of the wafer
is not needed, thus making on wafer testing possible. A drawback is the lim-
ited bandwidth and polarization dependence. In [46] a grating coupler design
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with a coupling loss of 0.62 dB and a 1-dB bandwidth of 40 nm has been shown.
3.5 Nonlinear coefficient
It is convenient to summarize the nonlinear behavior of an integrated waveg-
uide in the nonlinear coefficient γ as given in
γ =
2pin2
λAeff
, (3.13)
where n2 is the Kerr coefficient of the material, λ is the wavelength and Aeff is
the effective area. The equation shows that both the nonlinear Kerr properties
of the material and the field confinement have significant contributions to an
increased γ. The confinement of the light defines the intensity of light for a
given power. With a given nonlinear coefficient γ, power P and effective length
Leff , the maximum nonlinear phase shift in a waveguide is
θNL = γPLeff . (3.14)
In an example the maximum nonlinear phase shift in a silicon waveguide is
calculated. Considering the following reasonable parameters γ = 100 (W·m)−1,
P = 100 mW, L = 3 cm, α = 2 dB/cm a nonlinear phase shift of θNL = 0.3
rad is achieved.
22
Chapter 4
Materials for integrated nonlinear optics
Research based on nonlinear optical phenomena has been carried out in the last
decades in several distinct material compositions. In this chapter we present
and compare material platforms that are established in the field of integrated
nonlinear optics. The presented materials are categorized into three different
groups: Chalcogenides, III-V materials and CMOS-compatible materials. In
the following the three groups are presented in terms of linear and nonlin-
ear optical properties and afterwards compared to one of the most common
widespread solution, i.e. a highly nonlinear fiber (HNLF) of silicon-doped glass
commercially available.
4.1 Chalcogenides
The family of chalcogenide glasses (ChGs) is based on the chalcogen elements
from group VIa of the periodic table presented in Fig.4.1 [42]. In particular
the element sulphur, selenium and tellurium form glass compounds with ele-
ments like phosphorous, germanium or arsenic. To form the glass compounds,
deposition techniques like thermal evaporation, sputtering or chemical vapor
deposition (CVD) can be used, followed by a post-deposition annealing step.
ChGs are amorphous semiconductors and by tailoring the atomic composi-
tion of the glasses the optical properties can be changed. For instance the
transparency of the ChGs is affected by the used chalcogen element, and the
transparency window enters into the mid-infrared region (sulphides 11 µm,
selenides 15 µm, tellurides 20 µm) [42]. With a linear refractive index of
∼ 2 − 3 at 1.55 µm, these glasses can be integrated as an optical waveguide
core medium with different surrounding cladding materials, such as SiO2.
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Figure 4.1: Selected section of the periodic table with relevant materials for
integrated nonlinear optics.
Examples for ChGs are the selenium based compound GeAsSe and the sulphur
based compound As2S3. The glass GeAsSe has very high Kerr nonlinearities of
up to 0.9·10−17m2/W with a very low two-photon absorption (TPA) coefficient
[47, 48]. Waveguides created with this material have been used to demonstrate
FWM and supercontinuum generation [47]. A more common chalcogenide ma-
terial in the field on integrated nonlinear optics is As2S3. Although it has a
three times lower Kerr coefficient than GeAsSe, the lower waveguide losses
achieved while having similar low TPA make it the more suitable ChGs for
applications in the telecommunication band [49]. Using rib waveguides made
from As2S3, several nonlinear applications have been shown, like FWM [50, 51]
and wavelength conversion based on XPM [52] and FWM [53]. Also super-
continuum generation [49] and SPM assisted signal regeneration [54] has been
shown.
4.2 III-V materials
The group of III-V materials is based on compounds formed between elements
from group IIIa (aluminum, gallium or indium) and group Va (nitrogen, phos-
phorous, arsenic) in the periodic table shown in Fig.4.1. Due to the direct
bandgap in III-V materials they are commonly used in amplifiers (semiconduc-
tor optical amplifiers (SOAs)) or light emitting devices, including lasers. The
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crystalline semiconductor materials are mainly grown by molecular beam epi-
taxy (MBE) or metalorganic chemical vapor deposition (MOCVD) in order to
achieve layer by layer growth of crystalline morphology. This epitaxial growth
requires a crystalline substrate and misses flexibility of stacked deposition on
top of non-crystalline materials. Using III-V materials in CMOS-process lines
is strictly avoided due to contamination of the fabrication line as III-V ele-
ments serve as dopants for silicon.
III-V materials like GaAs or AlGaAs are transparent through the communi-
cation bands and are utilized for nonlinear integrated optics. As the materials
form compounds, the optical properties can be varied by changing the atomic
composition of the compound. For instance, both the refractive index and
bandgap increases by adding aluminum to GaAs, hence becoming AlGaAs.
The nonlinear coefficient of these materials is very high with 1.6 · 10−17m2/W
for GaAs [55] and even 2.6 · 10−17m2/W for AlGaAs [56]. However, in the
compound of GaAs, large nonlinear loss ∼ 100 · 10−13m/W [19] limits the
launched power levels. A significant reduction of nonlinear loss by more than
one order of magnitude is achieved with increased content of aluminum in Al-
GaAs [57] because of the increase in bandgap. The high nonlinearities and
moderate linear propagation losses lead to nonlinear experiments in AlGaAs
like FWM [57, 58]. Wavelength conversion assisted by XPM has been shown
in waveguides [55] as well as in resonators [59]. Even microresonator based
comb generation has been shown [56]. In AlGaAs outstanding performance
has been achieved by demonstrating a FWM conversion bandwidth of 750 nm
[60] and a record low power threshold (7 mW) for comb generation [61].
4.3 CMOS-compatible materials
The manufacturing facilities for CMOS electronics have matured over the last
decades and allow for low cost and mass production of electronic devices. Sil-
icon, a group IV element, is the base material for CMOS components [62]
but it is also attractive for nonlinear integrated optics [14] due to its large
transparency window between 1 and 9 µm and its large nonlinear Kerr coef-
ficient. A description of CMOS-compatible processing is given in more detail
in the next chapter. In the field of nonlinear integrated optics, pure silicon is
used both in crystalline and amorphous morphology. Silicon is also used in a
compound with nitrogen (group V), forming silicon nitride, which is another
CMOS-compatible material and widely used for nonlinear integrated optics.
4.3.1 Silicon
Crystalline silicon
Integrated silicon waveguides are mainly based on the commercially available
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silicon-on-insulator (SOI) platform. This platform, originating from CMOS
electronics, offers a single-crystalline silicon film separated by a layer of silicon
dioxide from the bulk substrate. This layer combination is not possible to
fabricate by deposition, but achieved by wafer bonding [63] and is most suit-
able for the fabrication of waveguides. Crystalline silicon offers a large Kerr
coefficient of 0.4− 0.9 · 10−17m2/W [18, 19]. A high refractive index contrast
is given when silicon (3.5 at 1.55 µm) is embedded in silicon dioxide (1.45 at
1.55 µm). Under this condition the light guided in the silicon core is highly
confined which leads to high optical intensities. The drawback of silicon as
a material for nonlinear optics is the low optical bandgap leading to a TPA
coefficient of around 50 · 10−13m/W in the telecommunication band [18, 19].
Upon TPA, free carriers are generated in the waveguide which causes further
absorption loss and a shift in dispersion. The resulting free-carrier absorption
is setting a limit to the maximum intensity level where efficient nonlinear pro-
cesses are possible.
Free carriers can be removed from the waveguide core with an applied electric
field [64, 65]. In order to apply the electric field, a reverse biased p-i-n diode
design is used in a rib waveguide structure. Nonlinear experiments that have
been presented in SOI-based silicon waveguides with and without carrier re-
moval design include signal regeneration [15, 66], supercontinuum generation
[17] and third-harmonic generation (THG) [67]. Furthermore FWM has been
demonstrated in nonresonant structures [68–70] as well as in microring res-
onators [71, 72]. Wavelength conversion with data rates up to 40 Gb/s has
been shown in [73, 74]. It is worth highlighting that in crystalline silicon the
highest continuous wave (CW) FWM conversion efficiency (-1 dB) has been
achieved over all platforms in waveguides using biased p-i-n diodes for carrier
removal [43].
Amorphous silicon
Low-temperature deposited silicon in amorphous form has raised interest in
recent years because of its increased nonlinear Kerr coefficient and reduced
TPA coefficient compared to crystalline silicon. An increased Kerr coefficient
in amorphous silicon compared to crystalline silicon is explained by the exis-
tence of midgap localized states that furthermore leads to reduced nonlinear
TPA [75]. The deposition in a plasma-enhanced chemical vapor deposition
(PECVD) step (further information in 5.4.2) allows process temperatures as
low as 200-400 ◦C. The possibility of deposition, that is not given for crys-
talline silicon, allows the fabrication of multiple layer designs and possible ver-
tical coupling between waveguides. Deposited amorphous silicon has dangling
bonds1 that are commonly saturated with hydrogen leading to hydrogenated
1Dangling bonds are unsaturated material bonds that have energy states withing the
bandgap of the material resulting in strong absorption in the near infrared (IR) [76].
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amorphous silicon (a-Si:H) suitable for integrated optics [76]. One large draw-
back of amorphous silicon is its temporal instability. Although material degra-
dation can be reversed by annealing, a variation of system performance can be
expected [77]. Indeed, reported nonlinear Kerr coefficients for a-Si:H vary from
0.05 to 7.43 ·10−17m2/W [78–83] indicating a large dependence of the material
on the processing parameters. TPA coefficients of around 10-30 ·10−13m/W
have been presented [78–81] that is roughly a factor of two below crystalline sil-
icon. The potential for nonlinear optics has been shown in FWM experiments
[80, 84] and FWM based wavelength conversion [79]. Additionally spectral
broadening induced by SPM [82] and XPM [78] has been presented, as well as
supercontinuum generation [85, 86].
4.3.2 Silicon nitride
Another CMOS-compatible material that is widely used to integrate nonlinear
photonic systems is silicon nitride. In the CMOS fabrication process silicon
nitride is used as a thermal and electrical isolator. Silicon nitride can be
deposited in low-pressure chemical vapor deposition (LPCVD) and plasma-
enhanced chemical vapor deposition (PECVD) process steps (details about
both processes are provided in 5.4) as well as by sputtering. With these dif-
ferent techniques the material deposition can be performed at various tem-
peratures giving large flexibility of fabrication. The material has in general
amorphous morphology. The elementary material composition is crucial when
characterizing its optical properties. In the field of nonlinear photonics three
main compositions have been presented: stoichiometric silicon nitride Si3N4
(Paper A); silicon rich nitride with non-stoichiometric composition SixNy (Pa-
per B); and a proprietary material named Hydex, whose properties are similar
to silicon oxynitride SiOxNy [21].
Stoichiometric silicon nitride
Stoichiometric silicon nitride has a transparency window from 0.25 to 8 µm,
and it has potential as a core material for integrated optics, including visible
light applications. The refractive index of stoichiometric silicon is ∼ 2 at 1.55
µm. Waveguides manufactured with Si3N4 and SiO2 as core and cladding ma-
terials show low propagation losses and good optical confinement allowing for
high intensity optics with long interaction lengths. Among all the presented
materials, this material platform provides waveguides with the lowest propa-
gation loss of 0.001 dB/cm [22] and ring resonators with the highest Q-factors
(∼80 million) [87]. The large bandgap of Si3N4 in the order of 5.3 eV [88] al-
lows neglecting TPA in the telecommunication band. This, together with the
low propagation loss, is the base for high intensity nonlinear optics that can
not be achieved in silicon. The nonlinear Kerr coefficient however is around 2
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·10−19m2/W [23], roughly two orders of magnitude lower than silicon.
One main fabrication challenge when depositing thick layers of Si3N4 is an in-
creased tensile stress in the film that leads to cracking of the layer above ∼250
nm [89]. A large thickness is required for optimal dispersion engineering and
high light confinement. To overcome this challenge strategies have been in-
vestigated including thermal cycling [90], PECVD frequency alternation [91],
mechanical stress barriers [26] and deposition in trenches [92]. With thin
waveguides (40-50 nm) the cracking problem is avoided completely and in ad-
dition ultra-low propagation loss properties are achieved by reducing the side-
wall scattering losses [22]. In thick high-confinement waveguides, the nonlinear
capability of this material has been shown in experiments like supercontinuum
generation [93], harmonic generation in a microring cavity (second-harmonic
generation (SHG) and third-harmonic generation (THG))[94] and resonator
based Kerr frequency comb generation [90, 95–97]. In thin waveguides with
very low propagation loss FWM-based wavelength conversion has been demon-
strated in Paper A. Over all presented platforms the broadest supercontinuum
generation (495 THz) has been achieved in stoichiometric silicon nitride pre-
sented in [25].
Silicon-rich nitride
The variation of the ratio of silicon and nitrogen in non-stoichiometric silicon
nitride, SixNy, gives a degree of freedom to change the optical and mechani-
cal properties of the material. This enables for instance tuning the refractive
index between the one achieved for Si3N4 and amorphous silicon as shown in
[98]. Silicon nitride with an increasing content of silicon is often referred to as
silicon-rich nitride. Flexible deposition with variable composition of SixNy is
given within the CMOS fabrication environment. This material2 has with 1.4
·10−18m2/W a 5 times higher Kerr coefficient than Si3N4 as shown in Paper B.
A higher refractive index of around 2.1 (at 1.55 µm) (Paper B) than Si3N4
leads to higher light confinement in the waveguide. Furthermore, a relaxation
of the tensile stress is achieved when growing these layers [27, 99], allowing to
achieve thick cores in a single deposition step. These advantages of increased
silicon content come with a reduced bandgap that can give rise to increased
TPA effects. The nonlinear performance has been presented in a FWM exper-
iment in Paper B.
Hydex
Hydex, invented by the company Little Optics, is a high-index doped silica
glass with a refractive index between 1.5 and 1.9 (at 1.55 µm) close to silicon
oxynitride. It has a nonlinear Kerr coefficient of 1.1 ·10−19m2/W [100] which is
slightly below the one of Si3N4. Waveguides with a very low propagation loss
2For an atomic composition of 65% silicon to 35% nitrogen, in this case.
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have been fabricated in this platform, which enables a long effective length.
Nonlinear experiments have been performed in order to show the potential
of Hydex waveguides for nonlinear optics including FWM [101], wavelength
conversion in non-resonant waveguides [102] and resonating microrings [103]
as well as supercontinuum [100] and comb generation [104, 105].
4.4 Comparison and benchmarking with HNLF
In order to compare the presented platforms used for nonlinear integrated op-
tics, the maximum achievable nonlinear phase shift θNL = γPLeff (see section
3.5) is calculated and benchmarked with a HNLF. At the moment HNLF is
the best platform for nonlinear optics in terms of maximum nonlinear phase
shift. For each platform representative waveguide systems are chosen. Cru-
cial for the calculation of the maximum nonlinear phase shift is the maximum
possible launched power. Limitations are given by nonlinear loss from TPA in
the case of integrated platforms, wheras in HNLF stimulated Brillouin scat-
tering (SBS) limits the launched power. For platforms that do not show TPA
a reasonable maximum launched power of 2 W is taken and for HNLF a SBS
limited maximum power of 200 mW is assumed. The SBS threshold can be
increased by modulating the CW pump, but this comes with a degradation in
performance in some relevant experiments, for instance in optical communi-
cation applications. For platforms that are restricted by TPA the maximum
launched power was chosen as the value when the nonlinear TPA loss reaches
either 10% (Fig. 4.2.a) or 1% (Fig. 4.2.b) of the linear loss according to Eq.
3.11. Fig. 4.2.a shows the higher nonlinear phase shift for chalcogenides, III-V,
amorphous silicon and HNLF. Crystalline silicon and silicon nitrides show a
similar performance. For a more stringent demand in the maximum launched
power when nonlinear loss reaches 1% of linear loss, the result changes and is
presented in Fig. 4.2.b. Still ChGs, AlGaAs and HNLF show the largest non-
linear phase shift. Under this condition the material suffering from TPA shows
worse performance. Silicon nitride becomes better in comparison to silicon and
the best CMOS-compatible platform for nonlinear optics. The calculations of
the nonlinear phase shift is based on the detailed information shown in Table
4.1.
4.5 Conclusion
It becomes clear after the presentation and comparison of the material plat-
forms in this chapter, that there is no platform that combines all the different
advantages mentioned above. In distinct platforms different record perfor-
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Figure 4.2: (a) Maximum nonlinear phase shift with nonlinear loss restricted
to 10% of linear loss. (b) Maximum nonlinear phase shift with nonlinear loss
restricted to 1% of linear loss.
mances have been achieved, which indicates that each platform can outpace
each other in terms of selected features. To conclude this chapter, the major
advantages and disadvantages of each material platform are briefly summa-
rized. Chalcogenides offer good nonlinear performance and with the deposition
by evaporation a fairly substrate independent deposition technique. However,
the chalcogenide glasses are not CMOS-compatible.
III-V compounds have demonstrated flexibility when it comes to tailoring ma-
terial properties. Especially AlGaAs unites high refractive index and high
nonlinearities leading to highly efficient nonlinear processes. Missing CMOS-
compatibility and the required epitaxial growth brings fabrication disadvan-
tages.
Crystalline silicon has high nonlinearities and is a highly mature (CMOS-
compatible) fabrication platform with easy access through commercially avail-
able SOI-wafers or multi-project wafer runs. Nevertheless, crystalline silicon
shows nonlinear loss constraints limiting the used power levels and silicon can
not be deposited in crystalline form on top of amorphous wafer substrates like
silica.
Amorphous silicon shows high nonlinear Kerr coefficients and the low temper-
ature deposition technique allows for flexible deposition with potential layer
stacking. Reported temporal instability is the drawback.
Silicon-rich nitride offers CMOS-compatibility and has the possibility to be de-
posited flexibly on amorphous substrates. Furthermore low propagation losses
are reported within this platform. The moderate nonlinearities and the high
tensile stress in thick films are the drawback.
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Nonstoichiometric silicon nitride is a CMOS-compatible material and offers
flexible processing of thick layers suitable for dispersion engineering. The
optical properties of the compound can be engineered by changing the com-
position of silicon and nitrogen. Propagation losses are drawbacks.
Hydex has very low propagation losses. The low nonlinearities and the low
refractive index are drawbacks. The platform is not widely available
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Chapter 5
CMOS-compatible micro- and nanofabrication
To understand the manufacturing process that enables silicon based inte-
grated optical systems, in this chapter relevant CMOS-compatible micro- and
nanofabrication steps are introduced.
5.1 CMOS-compatible photonics
Electronic components, such as microprocessors, evolved tremendously in per-
formance during the last decades, while keeping price low and even reducing
footprint size. The reasons for this can be found in the development of the
micro- and nanofabrication techniques and infrastructure for electronics. Mass
production and miniaturization led to a tremendous improvement of integrat-
ing functionalities on microchips referred to as integrated circuits (ICs). One
key component for integrated logic is the metal-oxide-semiconductor field-effect
transistor (MOSFET) which forms the building block for CMOS technology.
In general, the term CMOS-compatible defines fabrication techniques and ma-
terials that may be used in a CMOS processing line without risk of contami-
nation or other adverse effects. Materials that are compatible with the CMOS
fabrication infrastructure benefit from a mature processing platform that of-
fers ideal conditions for low-cost mass production.
The CMOS fabrication infrastructure can be leveraged to manufacture optical
waveguides. With the first silicon based optical waveguide [10] the path of
silicon photonics has begun to be driven by the CMOS fabrication capabilities
[108, 109]. The integration of silicon photonics enables major advantages in
communication systems [110]. With modern multi-project wafer runs, the high
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volume processing of CMOS fabs is leveraged to give fairly low-cost access to
integrated photonic systems [13, 111].
5.2 Optical lithography
One of the most important manufacturing steps in the environment of semi-
conductor fabrication is the lithography process. This step combines the re-
producible transfer of patterns for dedicated functionality onto the wafer. The
patterns are geometries dedicated to produce structures as e.g. electrical con-
tacts, passivation areas, areas for localized doping or etching of ridges, trenches
or mesas. It is important to mention that during the lithography step the ge-
ometries are only structured and prepared for further processing steps such as
etching. Optical lithography offers high throughput and comes with relatively
affordable equipment.
In the lithography process the system design is projected via a photomask onto
a photosensitive polymer on the wafer. The photomask contains transparent
parts (glass) and opaque parts (chromium). As the photomask is aligned
in between the light source and wafer (with photoresist), the optical radiation
passes through the photomask and exposes only the selected areas of the resist
where the photomask is transparent. The photosensitive resist then undergoes
a chemical change when exposed to radiation. An example of the exposure
step during the lithography process is illustrated in Fig. 5.1.a. Light sources
used for optical lithography are in the regime of ultraviolet (UV), deep ultra-
violet (DUV) or extreme ultraviolet (EUV), reaching wavelengths from 400
nm down to around 100 nm. The resolution in terms of the minimum feature
size that can be exposed scales with wavelength. In the case of optical contact
lithography where photomask and wafer are in contact, the minimum resolved
features are described by [62]
Wmin ≈
√
kλg, (5.1)
where λ is the wavelength, k is the resist specific technology parameter (often
around 1) and g is the gap between photomask and wafer. As an example, a
gap of 2 µm and a light source with 300 nm wavelength would give a mini-
mum feature size of around 800 nm. In the case of projection lithography the
minimal feature size is described by [62]
Wmin ≈ k λ
NA
. (5.2)
Here an objective with a numerical aperture (NA) is placed between the mask
and wafer in order to project a smaller image of the mask onto the wafer
and achieve a scaling down of the mask geometries. Both equations show
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a) b)
exposure
radiation
photomask
photoresist
developed
photoresist
Figure 5.1: Illustration of optical lithography a) Illustration of the exposure
process. The dark areas of the photomask are opaque. The bright area of
the photomask is transparent for the exposure radiation. b) Illustration of the
developed positive photoresist after exposure.
that lithography using shorter wavelengths means a smaller minimum feature
size that can be resolved during exposition. After exposure the photoresist is
developed where exposed parts are removed for positive photoresists, while un-
exposed parts are removed for negative photoresists. The exposing radiation
activates a different photosensitive chemistry in positive and negative resists.
In positive resist the radiation triggers a scission of polymer chains leading to
the reduction of its molecular weight that makes it easier to be resolved during
development. The opposite effect takes place in a negative resist where cross
polymerization leads to a reduced dissolution behavior. The remaining resist
structures can serve as an etchmask or define openings for other processing
steps like metal deposition with lift-off. The developed positive photoresist of
the lithography example is illustrated in Fig. 5.1.b.
A higher resolution than optical lithography can be achieved using electron-
beam electron-beam (ebeam) lithography. A shorter wavelength compared to
optical radiation is achieved by the acceleration of electrons to high energies.
Electron-sensitive resist is exposed by a focused electron beam. This tech-
nique is used to create photomasks or write masks directly on the wafer for
very small features. Although writing features of well below 100 nm [62] are
possible, the ebeam lithography has a serial writing procedure making the
process time consuming, and the equipment is expensive and complex. This
lithography is therefore unsuitable for mass production and in that sense not
CMOS compatible.
The fabrication processes developed in Paper B and A make use of optical con-
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tact lithography. In Paper B a DUV-light source with a wavelength around
220 nm was used and openings of 400 nm were resolved completely after the
lithography and etching process. The usage of optical projection lithography
has been reported in [41] where a light source with 193 nm wavelength was
used and waveguide widths from 150 to 500 nm were achieved.
5.3 Thermal oxidation
The success of silicon as the primary semiconductor material in the field of
electronics is based on its high-quality oxide [62]. A low amount of defects
and an easy fabrication process makes the combination of silicon and silicon
dioxide a powerful alliance in integrated circuits with fast switching MOSFETs
with low power consumption. The oxide is formed during an oxidation process
in which silicon undergoes a chemical reaction with oxygen in order to create
silicon dioxide according to [62]
Si(solid) + O2(gas) −−→ SiO2· (5.3)
It is important to mention that the oxidation reaction only takes place at the
silicon surface. As a layer of SiO2 builds up on top of the silicon wafer, oxygen
atoms have to diffuse through the oxide layer in order to react at the silicon
surface to form the SiO2. At room temperature a silicon wafer oxidizes by
only 2.5 nm and further oxidation is halted as the mobility of oxygen atoms
is too low to diffuse through the oxide layer. Therefore thermal oxidation is
carried out at process temperatures around 700-1200 ◦C for increased diffu-
sion of oxygen towards the silicon surface. Silicon oxidation is commonly done
under atmospheric pressure (760 torr) and a distinction is made between dry
oxidation with molecular oxygen O2 as oxidant and wet oxidation with water
vapor H2O as oxidant. Dry oxidation has the advantage of a denser oxide with
higher quality whereas in wet oxidation a higher oxidation rate is achieved. An
illustration of the wet oxidation process is presented in Fig. 5.2. The oxida-
tion reaction is indicated by R and takes place at the interface between silicon
and silicon dioxide. Gaseous water molecules have to diffuse from the wafer
environment through the silicon dioxide to reach the interface. The diffusion
process is marked by D. The oxidation rate becomes important when growing
thick oxides as the rate decreases significantly with increasing oxide thickness.
The increased oxidation rate in the wet oxidation compared to dry oxidation
comes from the higher diffusivity of H2O through the oxide layer in compari-
son with O2. The difference in rate becomes clear when oxidizing a 1 µm layer
of SiO2 as dry oxidation takes 48 hours while wet oxidation takes 2 hours.
In optical waveguide systems, typical oxide thicknesses of around 1-4 µm are
used in order to avoid leakage of light from the waveguide to the substrate.
36
5.4. THIN FILM DEPOSITION
Si
SiO2 D
R
H2O
Figure 5.2: Schematic of the wet oxidation process of silicon
where water vapor H2O is used as the oxidant. The diffusion
of oxygen atoms is labeled by D and the chemical oxidation
reaction is labeled by R.
In the fabrication processes of Paper B and Paper A thermal wet oxidation was
used. An oxide around 3 µm was grown in Paper B where high confinement
waveguides were fabricated. For the unconventional low confinement waveg-
uide presented in Paper A an oxide thickness of 15 µm was grown in order to
avoid substrate leakage [22].
5.4 Thin film deposition
In order to deposit thin films of dedicated materials, several deposition tech-
niques are available in the CMOS library of micro- and nanofabrication. The
principle of all techniques is based on the transition of materials from a molec-
ular movable state (gaseous or liquid) to the solid state to form a deposit on
top of a wafer substrate. To prepare molecules for precipitation on a substrate,
physical or chemical reactions can be utilized. Common physical deposition
processes are evaporation and sputtering where vaporized material condensates
on a substrate. Vaporization of the deposition material is done by thermal
heating of the source (evaporation) or by energetic ion bombardment (sput-
tering). A thin film deposition technique based on chemical reactions is called
CVD. In the CVD process gaseous chemicals react at the wafer surface to start
a chemical deposition process. The activation energy for the chemical reaction
to happen is commonly thermal or plasma assisted, naming the CVD process
either low-pressure chemical vapor deposition (LPCVD) or plasma-enhanced
chemical vapor deposition (PECVD).
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5.4.1 LPCVD
In LPCVD processes the chemical reaction is driven by temperature. Typi-
cal temperature values in the LPCVD reaction chamber are around 700-800
◦C. The atomic composition of the precursor gases pumped into the reaction
chamber defines the material composition of the deposited film. Changing
the gas flow of the individual precursor gases can change the atomic com-
position of the deposit. This also enables in-situ doping of films by adding
other gaseous chemicals. The precursor gases are introduced into the reac-
tion chamber in non-reactive form and start to decompose once reaching the
hot substrate region in the reactor where the decomposed reaction products
deposit. The benefit of having a low pressure in the chamber of around 0.1
to 1.0 torr is that gas phase nucleation is minimized resulting in formation of
solid clusters of atoms only on the wafer surface. This leads to high unifor-
mity of the deposited film. Two different types of reactors are used, cold wall
and hot wall reactors. In cold wall reactors the deposition reaction only takes
place at the surface of the wafer. Hot wall reactors on the other hand have
a more uniform distribution of temperature and reduced convection effects,
but a film is deposited at the reactor wall leading to a memory effect of the
chamber. Common materials deposited with LPCVD are silicon nitrides and
silicon dioxide. In the manufacturing process of Paper B and Paper A the
deposition of silicon nitride was done using LPCVD. It is important to distin-
guish between the deposition of stoichiometric silicon nitride in Paper A and
of non-stoichiometric silicon nitride in Paper B.
5.4.2 PECVD
The primary nonthermal energy source which is used to drive a CVD-based
process is the radio frequency (RF) plasma. Therefore the PECVD process of-
fers the advantage of distinct reduction of process temperatures in comparison
to LPCVD. Typical deposition temperatures for PECVD processes are around
200-400 ◦C. These fairly low temperatures feature an increased substrate pro-
tection and allow film deposition on top of temperature-critical substrates (e.g.
metalization layers). Common materials for deposition in a PECVD system
are silicon-based oxides and nitrides that are mainly used for passivation. Fur-
thermore, the RF power of the plasma is an additional parameter that offers
control over the deposited film properties.
5.4.3 Silicon nitride deposition by LPCVD and PECVD
The deposition of silicon nitride as a material for waveguide cores has been
shown in both LPCVD [112] and PECVD [23] processes. The film quality
of LPCVD nitride is in general higher compared to an LPCVD nitride. This
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comes from the 15-30% higher hydrogen content in PECVD nitrides resulting
in larger optical absorption at telecom wavelength [113]. Furthermore, PECVD
nitrides have a higher pinhole density [113]. The stress in thick films of de-
posited stoichiometric silicon nitride (indicated in section 4.3.2) used for op-
tical waveguides and micro-electro-mechanical systems (MEMS) devices [114]
can give rise to cracks in the layers. One approach to avoid film cracks is to
change the content of silicon and nitrogen from stoichiometric (Si3N4) to sili-
con enriched. This has been shown with LPCVD in Paper B and [99] and also
with PECVD in [98]. Another alternative to reduce the film stress in silicon
nitride film is by depositing different layers at alternating RF frequencies of
the plasma [91, 115, 116].
5.5 Reactive ion etching
To transfer the pattern from an etch mask into the substrate, an etching pro-
cedure is required. In general etching can be carried out in the form of wet
or dry etching. Wet etching is mostly isotropic1 and performed in an etch
bath where the pure chemical process can offer a high etch selectivity between
materials. Dry etching on the other hand provides an anisotropic etch. This
enables better control over the process in comparison to wet etching because
there are more available process parameters in dry etching. One special form of
dry etching is ion milling where ionized molecules are accelerated in an electric
field towards the target substrate. The bombardment of ions with high kinetic
energy towards the wafer surface leads to the constant sputtering of surface
molecules. This pure physical process appeals to a high degree of anisotropy,
but typically has low selectivity [62].
A dry etching process that can provides both selectivity and anisotropy simul-
taneously is reactive-ion etching (RIE) by supporting both chemical and phys-
ical etching properties. RIE is commonly used to etch silicon based materials
(e.g. Si, SiO2, SixNy) with halogen-based etch chemicals (e.g. CHF3, CF4).
The physical component of the etching comes from electrical-field-assisted ac-
celeration of ionized species toward the surface of the wafer similar to the
ion milling process. The chemical component comes from the gaseous etch-
ing chemicals used in the process that are ionized and broken down by the
plasma inside the etch chamber to form chemically reactive species. The radi-
cal species undergo a chemical reaction and break the bonds of surface atoms
on the wafer. In this process the binding of surface atoms to reactive radicals
becomes energetically favored so that volatile reaction products are formed
that are exhausted from the etching chamber. The chosen carbon containing
1An isotropic etching process is characterized by the same etching speed in all directions.
Exception for this etch behavior is the wet etching in materials like silicon where the etching
can be directed by the crystal planes allowing to wet etch in anisotropic manner.
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etch chemicals leave reaction by-products like carbon that form polymer coat-
ings on the wafer. This carbon deposit is removed by physical collisions with
incident ions. As the impact of ions are lower on vertical sidewall, the polymer
sidewall passivation assists anisotropic etching. In Paper B and Paper A the
etching of the silicon nitride layers was performed in an RIE process.
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Future outlook
Comb generation
The potential of the thick high-confinement SixNy waveguides for more ad-
vanced device structures has been shown in Paper B with the presentation of
a fabricated microring resonator. The ring resonator is an important device
to achieve Kerr frequency combs [90]. With the rings fabricated, one future
project is to achieve comb generation. Important for the comb performance is
a minimum optical power P in the ring approximated by [117] P = 2α
2
γL , where
α is the optical roundtrip loss (including ring coupling loss) in the ring, γ is
the nonlinear parameter and L is the ring circumference. With our design (γ
= 6/W/m, loss = 1.5 dB/cm) the power threshold in a 60 µm ring would be
around 80 mW. This is still inefficient since the power indicates the threshold
for which parametric oscillation will occur. One needs to increase the pump
power further to generate more lines and have broadband combs. However,
the equation shows an inverse quadratic dependence with the parameter α.
This means that if the losses are reduced by a factor of 2 it results in a 6 dB
reduction of the needed power, thus highlighting the importance of decreasing
the losses.
Improved propagation loss
A reduced power threshold for parametric oscillation can be achieved with
lower waveguide propagation loss. Although the silicon rich nitride SixNy pre-
sented in Paper B has higher nonlinearities compared to Si3N4, the propagation
loss is still high. In high-confinement Si3N4 waveguides losses of 0.4 dB/cm has
been achieved [21]. Even 0.001 dB/cm has been achieved in low-confinement
Si3N4 waveguides [22]. One future project is to optimize the material com-
position of SixNy by changing the content of silicon and nitrogen in order to
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reduce the optical propagation loss, while keeping high nonlinearities.
Improved coupling
Further improvement of the integrated waveguide system can be achieved by
increasing the coupling efficiency from fiber to waveguide. This would give
more optical power coupled into the waveguide and a directly improved non-
linear interaction in the system. To improve the current 4-5 dB coupling loss
per facet, a better mode matching of tapered fiber (spot size of 2-3 µm) and
integrated waveguide (effective area around 1 µm2) is required by implement-
ing a spot size converter. To fabricate a spot size converter, like the adiabatic
inverse taper [44], a tapering of the waveguide below 150 nm is needed. To
resolve features with these dimensions, different lithography tools for improved
resolution are required. Electron beam lithography and possibly laser writing
are options in the future.
Another option for coupling improvement is an increase in mechanical stabil-
ity in the end-fire coupling by implementing V-grooves. The use of V-grooves
has been presented in [95] in order to provide self-alignment regions for the
fiber. V-grooves are essentially trenches in front of the waveguide to support
the fiber placement and alignment. A dry and wet etching procedure suitable
to etch the V-groove into the silica cladding and silicon substrate under the
waveguide core will be developed in the future.
Dispersion engineering of thin low-loss waveguides
The thin low-confinement waveguides presented in Paper A show very good
propagation loss of only 0.06 dB/cm. The drawback is that it is not pos-
sible to achieve anomalous GVD with such thin structures in a rectangular
geometry, as required for highly efficient nonlinear FWM. A recent numerical
proposal however shows that by stacking laterally or on top of each other thin
silicon nitride waveguides it is possible to engineer the dispersion anywhere
within the whole transparency window of silicon nitride. The approach is
based on inducing modal coupling between the individual systems. Hence, the
supermode may display anomalous dispersion [118]. The lower confinement in
the waveguides comes along with a higher bending loss which means that the
achievement of narrow spaced frequency combs is challenging in this platform.
An increase of footprint in these systems is expected owing the increased bend-
ing loss. Nevertheless, the low-loss performance with the option to fulfill the
phase-matching condition could prove feasible to achieve the long sought goal
of on-chip net-gain based on CW-pumped parametric amplification.
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Summary of papers
Paper A
“Continuous wave-pumped wavelength conversion in low-loss silicon
nitride waveguides,” Continuous wave-pumped wavelength conversion in
low-loss silicon nitride waveguides Optics Letters, vol. 40, no. 6, pp. 875-878,
2015.
This paper presents the linear and nonlinear characterization of low-loss low-
confinement waveguides fabricated from stoichiometric silicon nitride. These
waveguides were fabricated by the group of John Bowers (University of Cali-
fornia Santa Barbara). The 100 nm thin waveguide core leads to low optical
confinement and results in low propagation loss of 0.06 dB/cm. In a nonlin-
ear FWM experiment the nonlinear parameter has been estimated and in a
wavelength conversion experiment all-optical processing of 10 Gb/s OOK data
has been demonstrated. This paper shows that a similar conversion efficiency
to SOI waveguides could be achieved with Si3N4, despite the inherently lower
nonlinear coefficient.
Paper B
“Linear and nonlinear characterization of low-stress high-confinement
silicon-rich nitride waveguides,”Optics Express, vol. 23, no. 20, pp. 25828-
25837, 2015.
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CHAPTER 7. SUMMARY OF PAPERS
This paper presents the fabrication, simulation and characterization of high-
confinement waveguides based on non-stoichiometric silicon nitride. This waveg-
uide platform was developed at Chalmers. In loss measurements the propaga-
tion and coupling loss has been shown in a wavelength-resolved manner and
the contribution of the scattering loss has been evaluated. In mode-solver sim-
ulations the dispersion and confinement properties in terms of the waveguides
dimensions has been studied. Nonlinear FWM experiments has been shown
and the functionality of a microring resonator has been presented, displaying
high-quality factors ∼ 105 in the 1.5 µm wavelength regime.
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In this Letter we introduce a complementary metal-oxide semiconductor (CMOS)-compatible low-loss Si3N4 wave-
guide platform for nonlinear integrated optics. The waveguide has a moderate nonlinear coefficient of 285 W∕km,
but the achieved propagation loss of only 0.06 dB∕cm and the ability to handle high optical power facilitate an
optimal waveguide length for wavelength conversion.We observe a constant quadratic dependence of the four-wave
mixing (FWM) process on the continuous-wave (CW) pump when operating in the C-band, which indicates that the
waveguide has negligible high-power constraints owing to nonlinear losses. We achieve a conversion efficiency of
−26.1 dB and idler power generation of −19.6 dBm. With these characteristics, we present for the first time, to the best
of our knowledge, CW-pumped data conversion in a non-resonant Si3N4 waveguide. © 2015 Optical Society of
America
OCIS codes: (130.3120) Integrated optics devices; (190.4360) Nonlinear optics, devices; (190.4380) Nonlinear optics,
four-wave mixing; (190.4390) Nonlinear optics, integrated optics.
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Photonic integration can lead to drastic reductions in
power consumption and the size of optical systems. The
integration of photonic systems showing nonlinear phe-
nomena such as four-wave mixing (FWM) enables useful
applications for all-optical signal processing such as
wavelength conversion [1] or signal regeneration [2] at
the chip level. Material platforms suitable for nonlinear
integrated optics, including silicon-based compounds
(Si, Si3N4, SiON, SiO2) [3–6], chalcogenide glasses [7],
and III-V semiconductors (AlGaAs) [8], have been exten-
sively studied for decades. In addition, some of the above
materials could be hybridized with extra layers, such as
organic composites [9], to further improve the nonlinear
performance.
Using the mature technologies of the complementary
metal-oxide semiconductor (CMOS) processing platform
for integrated optics enables the option for mass produc-
tion and thus tremendously reduces processing costs.
To better understand why silicon nitride is our chosen
material, let us turn our attention to the nonlinear phase
shift ΦNL  γPLeff . This product of nonlinear coefficient
γ, power level P, and effective length Leff must be maxi-
mized to achieve high FWM efficiency. As the nonlinear
Kerr coefficient of Si3N4 is one order of magnitude
greater than the one in SiO2 [10], a higher γ and a more
efficient Kerr process is achieved in Si3N4. Although
Si has even higher nonlinearities, the nonlinear losses
originating from two-photon absorption (TPA) and free
carrier absorption at telecom wavelengths limit the maxi-
mum power levels P that can be sent in this material.
The need to operate at moderate power levels means
that the energy in the wavelength-converted signal will
not be high, regardless of the conversion efficiency (CE).
It is of course possible to remove the photogenerated car-
riers in silicon waveguides by applying an electric field
across the structure [11], but this requires additional
manufacturing steps. These limitations do not exist in
silicon nitride owing to its larger bandgap, providing a
transparency window that extends to the ultraviolet [12].
In addition, the high index contrast to SiO2 allows for
high optical confinement with the option to tailor wave-
guide dispersion [13].
Indeed, wavelength conversion by FWM in Si3N4 wave-
guides has been presented previously. But in order to
achieve high CE, a pulsed pump with high peak power
has been used in straight waveguides [14]. Alternatively,
cavity enhancement of a continuous-wave pump has
been shown in resonating structures [15]. Comb genera-
tion by cascaded FWM has been demonstrated in [15–17].
These examples clearly indicate the potential of this
material for nonlinear integrated optics. However, CW
wavelength conversion in non-resonant silicon nitride
waveguide structures has not been investigated thor-
oughly. In this Letter we present CW-pumped wavelength
conversion using the waveguides previously developed
in [18]. This work extends the research presented in
[19] by providing additional measurements and a more
detailed comparison with numerical simulations. These
original waveguide designs featured low propagation loss
[18] so that a large effective length Leff of up to a few
meters could be achieved in a compact platform. Larger
interaction length results in an increased nonlinear phase
shift and thus a higher FWM efficiency. We critically test
the performance of these devices in a data conversion
experiment that shows for the first time, to the best of
our knowledge, CW-pumped wavelength conversion in
a non-resonating Si3N4 waveguide.
The low propagation loss of this platform is achieved
by using very thin waveguide dimensions. In this Letter
we use a Si3N4 waveguide core cross section with a
height of 100 nm and a width of 2.8 μm. The propagation
loss is only 0.06 dB∕cm. The waveguide cross section of
the Si3N4 core and SiO2 cladding is shown in Fig. 1(a).
Waveguides with similar dimensions have been used pre-
viously for linear applications; design and fabrication
were first presented in [18]. The weak field confinement
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in our design (only around 12% of the optical power is
guided in the Si3N4 core) leads to low scattering interac-
tion of the optical field with the thin waveguide sidewalls.
The waveguide has single mode properties; simulations
of the power distribution of the fundamental TE-mode
are shown in Fig. 1(b). Since most of the power is in the
cladding, we investigated the impact of having a change
in its refractive index. A 5% variation of the cladding
refractive index modifies the power confinement by less
than 1.5%.
In the experiments, light is launched into thewaveguide
over tapered fibers with a coupling loss of 2.8 dB
per facet. The propagation and coupling losses were
evaluated with the cutback method. Waveguides of sev-
eral meter lengths were coiled in spiral form with a mini-
mum bending radius of 1 mm on a chip with a reduced
footprint of 1.5 cm × 1.5 cm. As the waveguide has a
polarization extinction ratio of more than 40 dB, we opti-
mized the launched light for the lower-loss TE-polariza-
tion in all experiments. It is worth mentioning that even
lower losses were achieved in the next generation of this
platform, with thinner core thicknesses, with wafer bond-
ing of high-quality thermal SiO2, and at longer wave-
lengths, where the hydrogen bond absorption is lower
[20], but the performance has not been tested for non-
linear optics.
The dispersion properties of this design were studied
experimentally in a 6 m long waveguide by measuring the
time delay versus wavelength using the time-of-flight
technique. The results are presented in Fig. 1(c). From
the measurement data we extracted a normal group
velocity dispersion (GVD) of −0.4 ps∕nm∕m at 1550 nm
and a dispersion slope of 1.4 ps∕nm2∕m. The GVD is in
fair agreement with the expected value of −0.56 ps∕
nm∕m computed from mode solver simulations. We
measured a nonlinear coefficient γ of 285 W∕km for this
low-loss Si3N4 waveguide in a dual pump experiment
[21]. Compared to other techniques, the dual pump
experiment amplifies the two pumps independently.
Nonlinear effects occurring in the amplifiers become
irrelevant. The results are in agreement with [10], where
nonlinearities of different core thicknesses were investi-
gated. To determine the optimal waveguide length for
the following nonlinear experiments, we simulated the
FWM-based idler generation by solving the nonlinear
Schrödinger equation (NLSE) with the split-step Fourier
method. As waveguide parameters for the simulations,
we used the measured values of losses, dispersion, and
nonlinear coefficient stated above. The simulated idler
power as a function of waveguide length (Fig. 2) indi-
cates that there is an optimum waveguide length of
around 0.8 m. Above this length, a clear impact of the
linear loss on the nonlinear FWM process is visible.
For the theoretical model we used 33.3 dBm for the pump
(1563 nm) and 18.9 dBm for the signal (1562 nm), which
correspond to the power values used in the measure-
ments. Next, we assessed the CE of the waveguides
in an FWM experiment by launching a signal-pump pair
into the waveguide in a degenerate pump configuration.
A waveguide of 1 m length was used in this nonlinear
measurement. To minimize the impact of dispersion, a
detuning of 1 nm between the waves was chosen. Signal
and pump were amplified independently and combined
in a wavelength-division multiplexing coupler before
launching into the waveguide. While keeping the signal
at a constant 18.9 dBm, the pump power was varied. At
the output of the chip, we analyzed the CE, optimistically
defined as Poutidler∕P
out
signal, and the absolute idler power as a
function of launched pump power. As expected, the
maximum CEwas −26.1 dB, corresponding to a launched
pump power of 33.3 dBm as shown in Fig. 3(a). This re-
sults in a converted idler power of −19.6 dBm for the
launched signal power of 18.9 dBm [Fig. 3(a)]. In the fig-
ure, measurement data are compared with the theoretical
model, which shows a constant quadratic dependence on
the pump power even up to 33.3 dBm. This indicates that
the saturation effects owing to TPA or carrier effects are
negligible. These CE results offer incomplete information
about the absolute generated idler power. In spite of a
relatively low CE, the advantage of our platform is that
it can handle high CW power, thus allowing us to achieve
high idler powers. The results presented here provide a
5.5 dB improvement with respect to the work in [19],
where a 2 m long waveguide was used instead. This is
in agreement with the simulations shown in Fig. 2.
An important aspect of any FWM-based wavelength
converter is the impact of chromatic dispersion. We
assess this by changing the wavelength spacing of the
Fig. 1. (a) Schematic of waveguide cross section. (b) Simula-
tion of power distribution of the fundamental TE-mode. (c) Mea-
surement of time delay relative to 1550 nm versus wavelength.
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Fig. 2. Numerical simulation of maximum generated idler
power versus length of waveguide.
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signal-pump pair. Detuning signal and pump results in an
additional phase mismatch that reduces the FWM CE.
The launched power levels of signal and pump were kept
constant at 18.9 and 33.3 dBm. The signal wavelength
was decreased from 1562 nm while keeping the pump
wavelength at 1563 nm. In Fig. 3(b) the results of
the measured converted idler power versus signal-pump
detuning are plotted. The 3 dB-bandwidth of the idler
power is reached at a signal-pump spacing of 2.7 nm. We
compared the measurements with the theoretical model
of the system as shown in Fig. 3(b). Each point in the
simulation curve is an independent solution of the NLSE
for a different wavelength separation of signal and pump.
The value of the GVD in the simulations is tuned to match
the locations of the minimums in the measurement
ripples.
Finally, to assess the performance of the waveguide in
a more practical scenario, we carried out a wavelength
data conversion experiment. The setup for this measure-
ment is shown in Fig. 4(a). The signal wave is modulated
with 10 Gb∕s non-return-to-zero (NRZ) on-off keying
(OOK) data, amplified, and then launched together with
the amplified pump wave into a 2 m long waveguide.
After the chip, the idler is filtered out from the spectrum
with an optical bandpass filter (OBF) and launched into
the receiver stage at different power levels, controlled
with a variable optical attenuator (VOA). We use a pre-
amplifier-based receiver stage in which the idler is opti-
cally amplified and filtered, and then amplified after
the photo detector in the electrical domain. To evaluate
the bit-error rate (BER) of the data conversion, we com-
pared the data at the idler wavelength with the original
generated bit sequence in front of the chip. Figure 4(b)
shows the BER as a function of launched power into
the pre-amplified receiver. Error-free (BER of 10−9) data
conversion is achieved at a receiver power of −34.6 dBm
for up to 6 nm conversion width. A receiver penalty of
0.8 dB of converted data with respect to back-to-back
(b2b) transmission can be seen. In comparison to data
conversion in other platforms such as Si, where dispersion-
engineered waveguides have been used [22], in our experi-
ments the high normal dispersion significantly limits our
conversion bandwidth. However, the waveguide dimen-
sions in our design have not been optimized for high band-
width wavelength conversion.
In summary, we have shown that the CMOS-compatible
low-loss Si3N4 waveguide presented in [18], originally de-
veloped for linear optics applications, is also well suited
for nonlinear optics applications (particularly FWM-based
wavelength conversion). Although the nonlinear coeffi-
cient (285 W∕km) is small compared to other integrated
nonlinear platforms, we achieved an output CE of
−26.1 dB and an absolute idler power of −19.6 dBm. Our
experiments illustrate the relevance of having a long
effective length and high power-handling capabilities.
With these characteristics we present, for the first time,
CW data conversion in a non-resonant Si3N4 waveguide.
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Abstract: In this paper we introduce a low-stress silicon enriched nitride
platform that has potential for nonlinear and highly integrated optics.
The manufacturing process of this platform is CMOS compatible and the
increased silicon content allows tensile stress reduction and crack free
layer growth of 700 nm. Additional benefits of the silicon enriched nitride
is a measured nonlinear Kerr coefficient n2 of 1.4·10−18 m2/W (5 times
higher than stoichiometric silicon nitride) and a refractive index of 2.1 at
1550 nm that enables high optical field confinement allowing high intensity
nonlinear optics and light guidance even with small bending radii. We
analyze the waveguide loss (∼1 dB/cm) in a spectrally resolved fashion and
include scattering loss simulations based on waveguide surface roughness
measurements. Detailed simulations show the possibility for fine dispersion
and nonlinear engineering. In nonlinear experiments we present continuous-
wave wavelength conversion and demonstrate that the material does not
show nonlinear absorption effects. Finally, we demonstrate microfabrication
of resonators with high Q-factors (∼105).
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vices; (160.6000) Semiconductor materials; (190.4380) Nonlinear optics, four-wave mixing;
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1. Introduction
Silicon nitride (SixNy) waveguides constitute a very attractive platform for integrated photon-
ics applications. Similar to silicon-on-insulator (SOI) devices, their fabrication process is fully
compatible with CMOS fabrication standards, and they render suitable for hybrid integration
with other active components, such as modulators, amplifiers and detectors, both with silicon
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and III/V materials [1–3]. A key difference with respect to SOI is that the transparency window
of SixNy reaches into the visible and ultraviolet regions, which opens up new opportunities for
integrated optics in life science applications [4, 5]. Ultra-low propagation losses of ∼0.1 dB/m
in the optical telecommunication window have been reported for thin (40-50 nm), low con-
finement, SixNy waveguides [6]. This has enabled the fabrication of high-performance passive
devices, such as arrayed waveguide gratings [7] and ultra-high Q resonators [8] of relevance in
fiber-optics applications.
Thicker waveguides provide higher optical confinement inside the waveguide core. High con-
finement allows for shorter curvature radii and, as a result, a higher density of photonic inte-
gration. In addition, the relatively high index contrast with respect to the silica cladding allows
for engineering the dispersion of the waveguide (see e.g. [9]). This is crucial to achieve broad-
band phase matching in nonlinear optics applications [10]. Indeed, supercontinuum generation
[9, 11], parametric frequency comb generation [12–14] and wavelength conversion [12] have
been reported in thick SixNy waveguides. In contrast to SOI waveguides, SixNy shows no sign
of two-photon absorption in the optical telecommunications band [10], which allows one to
leverage the high-power erbium-doped fiber technology.
A challenge with SixNy waveguides is that films thicker than∼300 nm suffer large tensile stress
and, in consequence, the waveguides tend to crack [15]. However, for a rectangular waveguide
geometry, it is necessary to have very thick waveguides in order to get the zero dispersion
wavelength in the telecommunications C-band [16]. Recent works address this manufacturabil-
ity issue in different ways [16,17]. In [17], mechanical trenches are inscribed in the oxide layer
before the waveguide structures are fabricated. The trenches prevent further propagation of me-
chanical shock waves that initiate near the edge of the wafer. In this way, a crack-free region
where devices can be safely fabricated, is cleared at the center of the wafer. With this method,
stoichiometric SixNy (i.e. Si3N4) waveguides as thick as 900 nm have been fabricated recently.
Epping et al. [16] proposed an alternative method that consists of filling inscribed trenches in
the oxide layer with silicon nitride. Hence the filled trench becomes the waveguide’s core. Us-
ing Si3N4, they achieve propagation losses in the order of 0.4 dB/cm for waveguides of similar
thickness.
An interesting feature of SixNy films is that the relative content of Si and N can be precisely
adjusted during the deposition process. A different composition in the film has a dramatic effect
in the stress [18]. In particular, films with lower stress can be deposited by increasing slightly
the content of silicon [19], resulting in crack-free, thick (>500 nm) waveguides as reported e.g.
in [20]. In this work, we present a detailed analysis of the linear and nonlinear properties of our
thick non-stoichiometric SixNy waveguides [21]. Although the propagation losses (∼1 dB/cm)
are above the values reported by others [16, 17], the nonlinear Kerr coefficient is ∼5 times
higher than stoichiometric Si3N4 waveguides [22], resulting in notable nonlinear effects even
when operating with continuous-wave (CW) lasers. We provide an in-depth study of the dis-
persion and nonlinear characteristics and detail our fabrication process. We observe no sign of
detrimental two-photon absorption effects in the telecommunications C-band. The high mode
confinement allows for manufacturing high-quality factor resonators (Q∼105) with a free spec-
tral range in the order of several nanometers, a record-high value for non-stoichiometric SixNy
waveguides. In essence, the presented structure combines in a single platform the beneficial
features of stoichiometric silicon nitride (absence of two-photon absorption) with those of SOI
waveguides (large nonlinear coefficient), making it very promising for integrated nonlinear op-
tics applications.
The remaining of the work is structured as follows. In Section 2 we describe the fabrication
process. Section 3 covers the loss characterization and the simulation results of group veloc-
ity dispersion, and the nonlinear coefficient are presented in section 4. In Section 5 nonlinear
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experiments are presented, and in Section 6 we summarize the performance of our high-Q mi-
croresonators.
2. Fabrication
The manufacturing of the silicon-enriched nitride waveguides is compatible with the mature
processing platform to fabricate complementary metal-oxide-semiconductor (CMOS) systems,
which gives the option for mass production of integrated optics devices. A detailed schematic of
the fabrication procedure of our SixNy waveguides is presented in Fig. 1(a). To simplify matters,
only the upper part of the wafer processing is shown so that the symmetric layer growth on
the backside is not part of the schematic. Starting from a plain silicon wafer (P-doped/Boron,
<100> orientation) in the first step, a 2 µm layer of buried-oxide is grown in a thermal wet
oxidation process in H2O environment. On top of the silicon dioxide film a layer of silicon-
enriched nitride is deposited in a low-pressure chemical vapor deposition (LPCVD) process.
By varying the gas composition of the film forming reactants NH3 and SiH2Cl2 injected into
the reaction chamber, the ratio of the silicon and nitrogen content in the SixNy film can be
adjusted. The recipe we used results in a ratio of around 65% silicon to 35% nitrogen that
enables a tensile stress reduced growth of SixNy films with a thickness of 700 nm. The film
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Fig. 1. (a) Schematic of fabrication process for silicon-enriched nitride waveguides. Only
the processing of the top part of the wafer is presented. (I) Silicon wafer as initial condition.
(II) Thermal wet oxidation of 2 µm SiO2. (III) LPCVD deposition of 700 nm silicon-rich ni-
tride in a gas mixture of NH3 and SiH2Cl2. (IV) Patterning of the photoresist based etching
mask by DUV lithography. (V) Dry etching of SixNy in CHF3 and O2 and remaining etch
mask removal. (VI) PECVD deposition of 2 µm SiO2 in SiH4 and N2O. (b) SEM picture
of patterned SixNy strip after etching. Magnification of 70 000. (c) Experimental results of
spectrally resolved waveguide loss and coupling loss in SixNy waveguide (700 nm height,
1.65 µm width). The dark lines show the mean value, the bright shadowed areas the stan-
dard deviation and the brown curve shows the propagation loss for one sample waveguide,
(see details in the text).
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composition was measured with energy dispersive X-ray spectroscopy. In order to transfer the
transverse waveguide pattern into the SixNy layer we used a photoresist based soft mask during
etching which is structured via deep-ultraviolet (DUV) contact lithography. This lithography
technique readily enables to resolve feature sizes down to around 200 nm. The smoothness and
durability of the etch mask is improved by a descum procedure and a heat treatment at 130 ◦C
for 20 min. In a CHF3 and O2 based dry etching step, a SixNy strip is etched with nearly smooth
and vertical sidewalls as can be seen in the scanning electron microscope (SEM) picture in Fig.
1(b). The picture reveals that the 700 nm thick silicon-enriched nitride strip is crack free. With
our DUV lithography and etching process a 400 nm gap between two waveguides can clearly
be resolved as shown in Fig. 2(a). Finally, the 2 µm upper SiO2 cladding of the waveguide
is deposited in a plasma-enhanced vapor deposition (PECVD) step with SiH4 and N2O as the
reactive gas mixture.
3. Loss characterization
To specify dominant loss contributions in our silicon-enriched nitride waveguides, we com-
bined spectrally resolved transmission scans with the cut-back method. The transmission scans
are measured by launching light from a tunable laser into the waveguide and sweeping the
wavelength in synchronization with a photodetector to measure the system throughput for
individual wavelengths. By calibrating the transmission scans, the fiber-to-fiber loss of the
device under test were separated from additional setup loss. The wavelength scans with 189
data points were performed for three different waveguide lengths (1.98, 3.03, 5.01 cm). The
transmission loss from three different lengths allows the fitting of a first-order polynomial,
to extract propagation loss and coupling loss from the slope and offset of the polynomial.
Performing an individual polynomial fit for each wavelength, results in a spectrally resolved
characterization of the coupling and propagation loss. In Fig. 1(c) the waveguide propagation
loss of one waveguide with 189 wavelength data points is shown. The noise of the curve,
resulting from spurious reflection artifacts in the waveguide, was cleaned up using a moving
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Fig. 2. (a) SEM picture of the coupling region between the bus waveguide and the microring
resonator at a magnification of 25 000. The inset shows the indicated rectangular area for
the analysis of sidewall roughness, with the SEM image intensity converted to color code.
The black line going from top to bottom is the identified edge of the waveguide wall used
to extract the roughness parameters. (b) Atomic force microscopy picture of the SixNy
surface.
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average filter over 20% of the data points. In total, seven different waveguide systems at
different locations in the same wafer were evaluated to calculate the mean value and standard
deviation for the spectrally resolved propagation and coupling loss as presented in Fig. 1(c).
It can be seen that the coupling loss is fairly constant over wavelength with a mean value
of around 4.8 dB per facet owing to Fresnel reflections and modal field mismatch between
the tapered fiber (spot size 2.5 µm) and the waveguide. The propagation loss decreases from
around 1.8 dB/cm at 1510 nm down to 1.2 dB/cm above 1570 nm. This trend indicates
dominant material loss over losses from scattering locations in the waveguide boundaries as
the higher confinement at shorter wavelength increases the optical wave interaction with the
material. The material losses in the C-band could be caused by higher-order vibrational modes
of N-H bonds.
We support the claim of dominant material loss at lower wavelength by an estimation of the
scattering losses which was done in two steps. First, the surface roughness of the waveguide
sidewalls and the top surface was measured for the SixNy waveguide strip after etching. The
sidewall roughness was obtained from image processing the top-view SEM pictures of the
straight waveguide; a result can be seen as the inset in Fig. 2(a) where the black meandering
line indicates the detected position of the sidewall. For the top surface a two-dimensional
surface profile was obtained with atomic force microscopy (AFM) and the results are presented
in Fig. 2(b). From these measurements we calculated as indicators of the roughness feature size
both the root mean square (rms) σ of the roughness height variations and the (auto-)correlation
Lc of the fluctuations along the plane of surface. The extracted roughness parameters were (σ ,
Lc) = (5, 45) nm for the sidewall and (σ , Lc) = (0.5, 30) nm for the top surface. The bottom
surface of the waveguide was not accessible for roughness measurements but it was assumed
to have similar roughness parameters as for the top surface. In the second step the parameters
were inserted into an expression for the scattering loss originally derived for slab waveguides
[23]. It has, however, been widely used also for rectangular waveguides, with some reasonable
though not entirely rigorous reinterpretation of the entities in the formula. Since our aim is to
qualitatively compare the scattering losses to the total waveguide losses the precision in this
approach should be more than sufficient. In addition to the surface roughness parameters, the
scattering loss formula also contains some entities for the undisturbed waveguide - without
surface roughness - which were obtained from numerical simulations as mentioned in the
next section. The loss formula then yielded a total loss from the two sidewalls of ∼0.2 dB/cm
and from the top and bottom interfaces of less than 0.01 dB/cm. The sidewall scattering
loss is thus not insignificant but clearly smaller than the absorption loss, judging from the
measurements of the total waveguide loss. The strong wavelength dependence of the total
loss further underscores that absorption is the dominant loss mechanism, since the scatte-
ring loss is virtually independent of the wavelength; the simulations show that increasing the
wavelength from 1500 to 1600 nm the sidewall scattering loss decreases by merely 0.01 dB/cm.
4. Simulation of group velocity dispersion and nonlinear coefficient
In order to receive realistic results from mode solver simulations the refractive indices of all
three materials forming the waveguide were determined using spectroscopic ellipsometry over
the wavelength range from 245 to 1690 nm. The measurements were taken from one point in
the middle of the wafer. The measured refractive indices at 1550 nm for the thermally grown
and PECVD deposited SiO2 were around 1.44 and 1.46, and for the silicon-enriched nitride
layer it was 2.1. Simulations were then carried out with a finite element method based solver
(COMSOL). The high index contrast between core and cladding results in a power distribu-
tion mainly confined in the core as presented in Fig. 3(a), here presented for the fundamental
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Fig. 3. (a) Simulation of power distribution of the fundamental TE-mode at 1550 nm wave-
length. (b) Simulation of dispersion D as a function of waveguide height and waveguide
width of the fundamental TE-mode at 1550 nm wavelength. The dot indicates the waveg-
uide dimensions used in this publication. (c) Simulation of nonlinear parameter γ as a func-
tion of waveguide height and waveguide width of the fundamental TE-mode at 1550 nm
wavelength. The dot indicates the waveguide dimensions used in this work and the black
curve indicates the zero dispersion of the waveguide.
TE-mode at 1550 nm wavelength. The high confinement of this mode translates into a small
effective area Aeff of around 0.9 µm2 for a waveguide with dimensions of 700 nm in height and
1.65 µm in width. It is important to mention that for this cross-section dimension, both the fun-
damental and second order TE- and TM modes are guided for wavelengths above the L-band.
For efficient nonlinear processes over a wide spectrum a low and anomalous dispersion in the
waveguide structure is essential. By tailoring the dimensions of the core medium, it is possi-
ble to change the waveguide dispersion in order to overcome the normal material dispersion
to obtain the desired chromatic dispersion in the waveguide. For our material combination we
studied the impact of the height and width of the waveguide on the dispersion D in detail. We
varied the core dimensions with steps of 30 nm for the height and in steps of 90 nm for the width
and interpolated the data to achieve fine resolved dispersion information for different waveg-
uide cross sections as presented in Fig. 3(b) for the fundamental TE-mode at 1550 nm. The plot
reveals that anomalous dispersion, D > 0, is achieved at waveguide dimensions thicker than
600 nm. With our stress reduced SixNy, those thicknesses can be manufactured without film
cracking, leading to high yield and reproducibility of the processed waveguides. The dimen-
sions of the waveguides used in this work (1.65 µm width, 700 nm height) result in anomalous
dispersion of around 60 ps/(nm·km) according to the simulations.
Nonlinear processes are enhanced with higher nonlinear parameter γ that is related to the non-
linear Kerr coefficient n2, the wavelength λ of the optical field and the Aeff of the waveguide
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Table 1. Comparison of nonlinear Kerr coefficient n2 and optical band gap energy Eg for
silicon, silicon-enriched nitride and stoichiometric silicon nitride.
n2 (at 1.5 µm) [m2/W] Eg [eV]
Si [24, 25] (100% Si) ∼4·10−18 1.12
SixNy (65% Si) 1.4·10−18 2.3
Si3N4 [22, 27] (43% Si) 0.24·10−18 ∼5
by
γ =
2pin2
λAeff
. (1)
Consequently, γ is enhanced by reducing the effective area and/or by increasing the non-
linear Kerr coefficient n2 of the materials. We measured a nonlinear Kerr coefficient n2 of
1.4·10−18 m2/W for the silicon-enriched nitride (see section 5). The comparison of our silicon-
enriched nitride composition (65% Si, 35%N) to pure silicon (100% Si) and stoichiometric
silicon nitride (43% Si, 57%N) shows that the value of our material falls in between the other
two as shown in Table 1 [22, 24, 25]. This is expected taking into account that the increased
content of silicon comes along with an increase in nonlinearities. But one should be aware of
the drawback when increasing the silicon content in a SixNy compound as the optical bandgap
of the material is reduced. This increases the risk of two photon absorption (TPA) and the
related carrier effects when working with high optical intensities.
The ellipsometry data of the SixNy material absorption serves as the basis to fit a theoretical
model based on the Tauc-Lorentz dispersion relationship as described in [26]. From the model
a bandgap of 2.3 eV was inferred, which is between reported values for Si and Si3N4 presented
in Table 1 [25, 27]. To bridge an optical bandgap energy of 2.3 eV with two photons of the
same wavelength, each photon needs a wavelength of 1100 nm or shorter. This provides an
indirect indication that in our material, TPA should be negligible in the C-band.
Utilizing the measured n2 for SixNy and the n2 for silica available in the literature, the nonlinear
parameter γ was simulated for different waveguide dimensions as presented in Fig. 3(c), which
shows results for the fundamental TE-mode at 1550 nm. From the mode solver data the Aeff
is calculated as in [28]. As can be seen in the plot, the maximum γ is achieved at waveguide
dimensions of around 0.9 µm width and 450 nm height, where the optical field confinement
leads to the smallest effective area. Comparing the simulations of the dispersion with the
simulations of the nonlinear parameter indicates that there is a tradeoff between achieving
anomalous dispersion and the highest nonlinearities. This tradeoff is highlighted by including
the line of zero dispersion in the γ simulation graph in Fig. 3(c).
5. Nonlinear experiments
Next we show the potential of our platform in integrated optics by realizing a set of experiments
with CW-pumped waveguides. The setup shown in Fig. 4(a) contains two tunable CW lasers
where both waves are amplified independently and controlled in polarization. In this way we
ensure that no nonlinear interaction occurs in the amplifiers but only in the integrated waveg-
uide. The amplified spontaneous emission (ASE) of the signal after the amplifier is filtered out
by an optical bandpass filter (OBF), whereas the ASE of the pump is removed in the 200 GHz
bandwidth common port of the wavelength-division multiplexing (WDM) coupler. After com-
bining signal and pump in the WDM coupler both waves are launched over a tapered fiber
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into the microchip containing a straight waveguide of 0.94 cm length. The polarization of both
waves is optimized for maximum throughput in the nonlinear experiments. After the chip the
conversion efficiency (CE), defined as Poutidler/P
out
signal, is analyzed with respect to signal and pump
waves at the input. We experimentally demonstrate that the FWM conversion efficiency is di-
rectly proportional to the pump power, even at high power levels where the increased silicon
content may raise the concern of TPA happening. In the experiments, signal and pump waves
were placed with 1 nm wavelength separation (signal 1562 nm, pump 1563 nm) to minimize
the impact of dispersion in the FWM process. The signal power was kept constant at 19 dBm
as the pump power was increased. At the output the idler and signal power were tracked with
an optical spectrum analyzer (OSA) and the conversion efficiency is displayed in Fig. 4(b). The
agreement with the numerical simulation indicates that the nonlinear measurement results fol-
low the theoretical dependence on the pump power. The deviation from a quadratic dependence
is explained by the strong signal that saturates the FWM process slightly. The numerical sim-
ulations are realized by solving the nonlinear Schrödinger equation with the split-step Fourier
method. Coupling loss variations are considered in the simulations.
The group velocity dispersion was studied in a second experiment. Here, the separation of sig-
nal and pump wavelength is changed by setting the pump to 1563 nm and detuning the signal
away to shorter wavelengths. Both waves were launched into the waveguide at constant power
levels (signal 19 dBm, pump 30 dBm). The change in CE over signal-pump detuning is plotted
in Fig. 4(c). The graph indicates a 3 dB conversion bandwidth of around 8 nm. This corre-
sponds to a dispersion value of ∼15 ps/(nm·km). The difference with respect to the simulation
results [Fig. 3(b)] could be due to slight variations in the waveguide geometry that are within
fabrication tolerance.
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Fig. 4. (a) Schematic of experimental setup for four-wave mixing experiments. Continu-
ous wave (CW) tunable laser. Polarization controller (PC). Erbium doped fiber amplifier
(EDFA). Optical bandpass filter (OBF). Wavelength-division multiplexing (WDM) cou-
pler. (b) Outcoupled conversion efficiency as a function of launched pump power into the
waveguide. (c) Outcoupled conversion efficiency as a function of wavelength separation
between signal and pump wave. (d) Nonlinear phase shift ϕSPM as a function of coupled
pump power.
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Fig. 5. (a) SEM picture of microring resonator with 20 µm bending radius at a magnifica-
tion 7 000. (b) Wavelength dependent transmission spectrum of a 20 µm radius microring
resonator system. (c) High-resolution scan of microring resonance at ∼1617.4 nm. The
quality factor is ∼150 000. (d) Q-factor evaluation of resonances from 1520 to 1620 nm
wavelengths.
Next, we provide a characterization of the nonlinear properties in a dual CW-pumped exper-
iment with different launched power levels, as in [29, 30]. Two CW tunable lasers are co-
polarized and amplified with high-power amplifiers. The generated idler power in the waveg-
uide with a length of 0.94 cm depends on the amount of nonlinear phase shift ϕSPM according
to:
I0
I1
=
J20 (ϕSPM/2)+ J
2
1 (ϕSPM/2)
J21 (ϕSPM/2)+ J
2
2 (ϕSPM/2)
, (2)
ϕSPM = γLeffPin, (3)
Here I0 and I1 are the intensities of the pump wave and the idler wave of first order. Ji corre-
sponds to the i-th order Bessel function. The ratio of nonlinear phase shift ϕSPM versus coupled
pump power into the waveguide is 4.64·10−5 (mW)−1 as shown by the slope in Fig. 4(d). Fol-
lowing Eq. (3) and using a calculated effective length Leff of 0.76 cm, a nonlinear coefficient γ
of 6.1 (W·m)−1 is evaluated. With an effective area Aeff of around 0.9 µm2 the Kerr coefficient
n2 is thus 1.4·10 −18 m2/W using Eq. (1).
6. Compact microstructures: ring resonator
The high index contrast between the SiO2 cladding and the silicon-enriched nitride core facil-
itates the fabrication of ring resonator systems with small bending radii. We manufactured a
ring resonator with 20 µm bending radius as shown in the SEM picture in Fig. 5(a) taken prior
to the top cladding deposition. We characterized the ring by scanning a tunable laser across
a broadband window (1520-1620 nm). Optimizing the polarization for maximum throughput
leads to the transmission scan shown in Fig. 5(b). The measured free spectral range of the
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resonances is 8.3 nm. A zoom-in on one of the resonances measured with 0.1 pm resolution
is displayed in Fig. 5(c) indicating a quality factor of around 150 000 by fitting a Lorentzian
curve and evaluating the full-width half maximum in linear scale. An evaluation of the quality
factor for resonances in the wavelength regime between 1520 and 1620 nm is presented in Fig.
5(d) and shows Q-factors up to 165 000. These loaded quality factors are in agreement with the
measured transmission loss in Fig. 1(c).
7. Conclusion
We have presented silicon enriched nitride waveguides with a composition of 65% silicon and
35% nitrogen and discussed the advantages of having enhanced silicon content in SixNy with
respect to Si3N4. The reduced tensile stress in the film allows thick film deposition and dis-
persion engineering towards anomalous dispersion, one important requirement for broadband
wavelength conversion. Nonlinear characterization revealed a nonlinear Kerr coefficient n2 of
1.4·10−18 m2/W and an optical bandgap of 2.3 eV that shows the potential for high power non-
linear optics as demonstrated experimentally. High confinement in the presented waveguides
and propagation loss of ∼1 dB/cm enable high Q-factor (∼1.5·105) ring resonators with small
bending radii for high density of photonic integration. The waveguide loss has been evaluated
to be dominated by material loss.
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